Clogging dynamics of particles and bacteria in microfluidic systems mimicking microfiltration processes by Sendekie, Zenamarkos Bantie
  

   
  
 
 
  
3 
 
Table of Contents 
 
CHAPTER 1 ..................................................................................................................................... 6 
Introduction ...................................................................................................................................... 6 
1.1 Challenges in membrane processes and fouling control ................................................... 8 
1.1.1 Generalities on membrane processes ........................................................................... 8 
1.1.2 Technical challenges in Membrane Processes .......................................................... 11 
1.1.3 Scientific challenges in membrane processes ............................................................ 13 
1.2 Microfluidics: an opportunity for fouling analysis ......................................................... 16 
1.2.1 The new tool brought by microfluidics...................................................................... 16 
1.2.2 Microfluidic Separation of Particles .......................................................................... 18 
1.2.3 Microfluidic Separation of Bacteria .......................................................................... 25 
1.3 Aim and Outline of the Thesis ........................................................................................... 31 
References ................................................................................................................................. 35 
CHAPTER 2 ................................................................................................................................... 40 
Development of New Microfluidic Devices from Fouling Analysis at Pore Scale to Fractionation 
Chips .............................................................................................................................................. 40 
2.1 Introduction ........................................................................................................................ 41 
2.2 NOA61 and OSTEmerX 322 Crystal Clear Polymer Chips ........................................... 43 
2.2.1 Designs .......................................................................................................................... 45 
2.2.2 Fabrication ................................................................................................................... 47 
2.3 Silicon Chips Fabrication .................................................................................................. 50 
2.3.1 Designs .......................................................................................................................... 50 
2.3.1.1 Chips for Conventional Filtration Experiments ................................................ 50 
2.3.1.2 Chips for Fractionation ....................................................................................... 52 
2.3.1.3 Chips for Molecular Probing of Proteins and Bacterium Transport .............. 55 
2.3.2 Fabrication ................................................................................................................... 57 
2.3.2.1 DRIE Fabrication of Micrometric Chips ........................................................... 58 
2.3.2.2 Wet Etching of Nanometric Chips ...................................................................... 62 
2.4 Preliminary Results of Fractionation Experiments......................................................... 62 
2.5 Summary ............................................................................................................................. 69 
References ................................................................................................................................. 70 
CHAPTER 3 ................................................................................................................................... 72 
Pore Clogging and Deposit Expulsion Dynamics during Microfluidic Filtration of Particles ....... 72 
  
 
3.1 Introduction ........................................................................................................................ 72 
3.2 Experimental Methods ....................................................................................................... 77 
3.2.1 Microfluidic Device ..................................................................................................... 77 
3.2.2 Particle Suspensions .................................................................................................... 79 
3.2.3 Filtration Conditions ................................................................................................... 79 
3.3 Results ................................................................................................................................. 80 
3.3.1 Pore Clogging Dynamics ............................................................................................. 82 
3.3.2 Effect of Operating Conditions .................................................................................. 86 
3.3.3 Effect of Suspension Properties.................................................................................. 90 
3.3.4 Microchannel Entrance Geometry Effect ................................................................. 97 
3.3.5 Deposit Characteristics ............................................................................................... 99 
3.4 Discussion .......................................................................................................................... 102 
3.4.1 Dynamics Instabilities and Deposit Expulsion Phenomena ................................... 104 
3.4.2 Interplay between Surface Interaction and Hydrodynamics ................................ 106 
3.4.2.1 Potential Barrier Limited Clogs ........................................................................ 107 
3.4.2.2 Clogs Limited by their Shear Fragility ............................................................. 108 
3.4.2.3 Secondary Minimum leading to Gliding Phenomena ..................................... 110 
3.4.3 Bottleneck shape: Tilted Wall Shape Increasing Arches Robustness ................... 112 
3.4.4 Scenarios for Clogging .............................................................................................. 113 
3.4.4.1 Pushing or Pulling Interaction Effect ............................................................... 113 
3.4.4.2 The panic, the Herding Instinct and the Sacrifice Scenarios ......................... 115 
3.5 Summary ........................................................................................................................... 118 
References ............................................................................................................................... 120 
CHAPTER 4 ................................................................................................................................. 126 
Streamer Formation Dynamics with Pure and Mixed Bacterial Cultures: Effects of Cultivation 
Conditions and Hydrodynamics ................................................................................................... 126 
4.1 Introduction ...................................................................................................................... 126 
4.2 Materials and Methods .................................................................................................... 128 
4.2.1 Microfluidic Device ................................................................................................... 128 
4.2.2 Bacterial Suspension ................................................................................................. 129 
4.2.3 Filtration Conditions ................................................................................................. 130 
4.3 Results ............................................................................................................................... 131 
4.3.1 Pure Culture .............................................................................................................. 132 
4.3.1.1 Geometry effect .................................................................................................. 132 
5 
 
4.3.1.2 Cultivation Conditions Effect ............................................................................ 135 
4.3.1.3 Flow rate effect ................................................................................................... 137 
4.3.2 Mixed Bacterial Culture Filtration .......................................................................... 140 
4.4 Discussion .......................................................................................................................... 142 
4.4.1 Role of EPS on Bacterial Streamer Formation ....................................................... 142 
4.4.2 Hydrodynamic Effects of Streamer Formation ...................................................... 145 
4.5 Summary ........................................................................................................................... 152 
References ............................................................................................................................... 154 
CHAPTER 5 ................................................................................................................................. 160 
Clogging Dynamics with Mixed Bacteria and Particle Suspensions ........................................... 160 
5.1 Introduction ...................................................................................................................... 160 
5.2 Materials and Methods .................................................................................................... 162 
5.2.1 Microfluidic Device ................................................................................................... 162 
5.2.2 Bacterial Suspensions ................................................................................................ 163 
5.2.3 Particle Suspensions .................................................................................................. 164 
5.2.4 Polystyrene and E. Coli Mixed Suspensions ........................................................... 164 
5.2.5 Filtration Conditions ................................................................................................. 165 
5.3 Results ............................................................................................................................... 166 
5.3.1 Flow rate effect .......................................................................................................... 167 
5.3.2 Bacteria Concentration Effect .................................................................................. 169 
5.3.3 Filtration of Particles – Salt Concentration Effect ................................................. 171 
5.3.4 Comparison of Particles and Bacteria Filtrations .................................................. 172 
5.3.5 Filtration of Mixed Bacteria and Particles .............................................................. 174 
5.4 Discussion .......................................................................................................................... 177 
5.4.1 Clogging Mechanisms by Particles and Bacteria – Comparison .......................... 178 
5.4.2 Clogging Mechanisms by Heterogenic Mixtures of Particles and Bacteria ......... 180 
5.5 Summary ........................................................................................................................... 185 
References ............................................................................................................................... 186 
CHAPTER 6 ................................................................................................................................. 188 
Conclusions and Perspectives ...................................................................................................... 188 
ANNEXES ................................................................................................................................... 196 
 
Introduction  
 
 
 
Chapter 1 
CHAPTER 1 
Introduction 
Filtration is one of the most ancient, basic and widely applied processes for the separation 
of substances. It is mainly used in the treatment of water for removal of particulate materials 
and some microbes. Separation can occur by means of exclusion of substances at the surface 
of the filter or by deposition within the media (called in-depth filtration). Some form of 
interaction takes place between the substances to be removed and the filter during the 
separation process.   
Membrane processes are the most common techniques for separation of substances which 
play very important roles in various industries. Membranes can be broadly classified as 
dense or porous based on their morphologies. Porous membranes include microfiltration 
and ultrafiltration whereas dense membranes include nanofiltration and reverse osmosis. 
Membrane separation processes also differ based on their separation mechanisms, the 
driving force for the separation, and modes of operation. The separation mechanisms can 
be either by diffusion (solution-diffusion model) or convection (hydrodynamic model). In 
solution-diffusion model, transport of component occurs by diffusion and the component 
needs to be dissolved in the membrane. This separation mechanism is important in dense 
membranes which have no real pores such as in reverse osmosis. In hydrodynamic model, 
transport occurs by convection through pores. Micro- and ultrafiltration membranes 
function according to this principle. These types of membranes are mainly used to separate 
colloids and macromolecules from dispersions and solutions, respectively, or to remove 
bacteria. Membranes can be distinguished according to the driving force as pressure driven 
(microfiltration, ultrafiltration, nanofiltration, and reverse osmosis), concentration driven 
(dialysis, pervaporation, forward osmosis), electric potential driven (electrodialysis), and 
temperature gradient driven (membrane distillation). Pressure driven membrane processes 
are the most common separation techniques for removal of particulates, microorganisms, 
and natural organic materials. They are widely applied in wastewater treatment, water 
purification, food and beverage processing, pharmaceutical processes, etc.  
In membrane separation processes, fouling is mostly unavoidable phenomena and a major 
obstacle to the widespread use of membrane technology. Membrane fouling results from 
the transport of materials (or foulants) to the membrane surface and accumulation on it or 
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in the pores in the course of the separation degrading the membrane performance. Fouling 
can be reversible or irreversible based on the attachment strength of foulants to the 
membrane surface. Foulants can be colloids, biological particles, organics, or minerals 
depending on the process specificity. Membrane fouling is influenced by numerous factors 
including the operating conditions (flow rate, pressure, temperature), membrane properties 
(pore size, pore size distribution, hydrophobicity, material), and properties of the solution 
or dispersion (solid concentration, particle size, ionic strength, pH, nature of components). 
The complex interplay of these factors makes the fouling study complex. Flux and 
transmembrane pressure (TMP) measurements are indicators of membrane fouling and they 
are controlling parameters of the economics of the process. Membrane fouling results in a 
significant increase in hydraulic resistance: this flow resistance is revealed by the increase 
in TMP or the decrease in permeate flux when the operation is performed under constant 
flux condition or under constant TMP condition, respectively. The flux decline (in constant 
TMP operation) and the pressure increment (in constant flux operation) are caused by 
membrane pore blockage and cake layer formation on the membrane surface: pore blockage 
increases the membrane resistance while cake formation creates an additional layer of 
resistance to the permeate flow. 
Different strategies are implemented in industrial membrane processes to minimize fouling. 
These include appropriate membrane selection (for instance, using hydrophilic membranes 
for aqueous filtration), feed pretreatment (e.g., coagulation), membrane surface 
modification (for example, grafting by heat or UV), periodic cleaning of the membrane 
(which can be physically, chemically, or biologically), appropriate choice of operating 
conditions (for instance, using cross-flow filtration rather than dead-end filtration). 
However, these strategies are not efficient enough to minimize fouling significantly and 
some of them even incur additional costs to the process. Thus, microfluidic techniques have 
been developed to study fouling at pore scale in the last few decades. Different clogging 
mechanisms of microchannels by colloidal particles and biological particles have been 
reported. 
The first section of this introduction will introduce the technical and scientific challenges 
in membrane processes. The second section will present the new developments realized in 
microfluidic techniques and the opportunities brought about by these techniques to 
characterize clogging with particles and bacteria suspensions. From this state of the art, the 
third section will give the positioning of the PhD and the manuscript outline.  
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1.1 Challenges in membrane processes and fouling 
control 
 
1.1.1 Generalities on membrane processes  
 
Membrane science and technology is a broad and highly interdisciplinary field in which 
process engineering, material science and chemistry are involved. Membranes are used for 
an impressive range of applications, of which most known is for separation of components. 
Membranes are also used in gas-liquid contacting, emulsification, culturing supports, 
adsorption and catalysis-based applications [1]. 
Membrane is a semi-permeable barrier which permits or is used to control the transport 
and separation of certain species (such as suspended solids, macromolecules, multivalent 
ions and monovalent ions) from a fluid by a combination of sieving, interaction and 
diffusion mechanisms in the considered applications (figure 1.1). The cause of transport 
through a membrane is a difference in chemical potential between both sides which may be 
due to a gradient in temperature, (partial) pressure, concentration or electrical potential. 
The mechanisms for transport strongly depend on the morphology of the membrane (dense 
or porous) [1].  
 
Figure 1.1: Schematic representation of membrane processes. 
 
Dense membranes are permeable for single molecules or ions in which transport is 
described by the solution-diffusion model. Typical examples of such transport mechanisms 
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are in dialysis, reverse osmosis, gas permeation and pervaporation. The permeability of a 
component in this model is related to its diffusivity and solubility in the membrane material 
[1]. Since both the solubility and diffusivity of a component depend on its interactions with 
the membrane material, transport is clearly material dependent. The value of the 
permeability is an intrinsic property of the membrane material and gives an indication of 
the membrane transport capacity. The second important characteristic of dense membranes 
is the intrinsic selectivity. Its value gives an indication of the separation efficiency of the 
membrane. The combination of permeability and selectivity indicates the general 
performance of the membrane material. It is important to stress that every material has 
membrane properties. However, for most materials the permeability and/or selectivity is 
too low for practical purposes [1]. Nanofiltration (NF) and reverse osmosis (RO) 
membranes are examples of dense membranes which are usually prepared by coating a thin 
top layer on an ultrafiltration membrane [2-5].  
For porous membranes, the transport occurs through the empty spaces (pores) in the 
membrane. Transport is governed by membrane morphology and is not an intrinsic 
membrane material property although interaction with the internal membrane surface can 
play a crucial role. The morphology of the membrane includes the pore size, pore shape, 
pore size distribution, porosity, tortuosity, roughness, and internal surface area. Tortuosity 
is a factor used to correct for the deviation of pore shape from perfect cylinders. It is defined 
by the ratio of the average path length through the pores and the membrane thickness. In 
porous membranes, the permeability is again used to indicate the capacity of the membrane. 
The alternative term for selectivity in porous membranes is the retention. The retention 
varies between 0 (no retention of a component) to 1 (the component is completely retained). 
It depends on the ratio of molecular or particle size to pore size. A second characteristic of 
porous membrane that indicates whether separation will occur is the Molecular Weight Cut-
Off (MWCO) and it is the molecular weight at which 90% is retained by the membrane and 
gives an indication of the pore size. Combining MWCO and permeability, an estimation of 
the separation performance of the membrane can be given [1]. Porous membrane processes 
include microfiltration (MF) and ultrafiltration (UF) and the distinction between the two 
processes is based on the size of the pores. In both cases, separation is achieved mainly by 
size exclusion, successive deposition of the filterable material on the surface of the 
membrane, arch formation or bridging by the filterable material at the pore entrances [6]. 
Separation by size exclusion occurs when the size of the material being filtered is larger 
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than the membrane pore size while the other two separation mechanisms occur when the 
pore size is smaller.  
Membranes can be operated dead-end and cross-flow modes. In dead-end filtration, the 
flow is perpendicular to the surface area of the membrane. This operation is a batch process 
since the components rejected by the membrane will accumulate at the membrane surface 
and this decreases the filtration capacity due to clogging. In cross-flow mode, the flow is 
parallel to the filtering area of the membrane. The stream that passes through the membrane 
is called permeate whereas the material retained by the membrane is called retentate. 
Depending on the application, either permeate or retentate can be the desired product: e.g. 
preparation of safe and clean drinking water (permeate) or concentration of a protein 
solution (retentate) [1]. Cross-flow filtration is an excellent way to filter liquids with a high 
concentration of filterable material [7].  
Because membrane processes can separate from molecular level up to a scale at which 
particles can actually be seen, this implies that a very large number of separation 
needs might actually be met by membrane processes. They generally do not require a phase 
change to make a separation (with the exception of pervaporation). As a result, there are 
low energy requirements in these processes unless a great deal of energy needs to be 
expended to increase the pressure of a feed stream in order to drive the permeating 
component(s) across the membrane. There are no moving parts (except for pumps or 
compressors), no complex control schemes, and little ancillary equipment compared to 
many other processes. As such, they can offer a simple, easy-to-operate, low maintenance 
process options. Membranes can be produced with extremely high selectivity for the 
components to be separated. In general, the values of these selectivity are much higher than 
typical values for relative volatility for distillation operations. Because of the fact that 
a very large number of polymers and inorganic media can be used as membranes, there can 
be a great deal of control over separation selectivity and are able to recover minor but 
valuable components from a main stream without substantial energy costs. Membrane 
processes are potentially better for the environment since the membrane approach require 
the use of relatively simple and non-harmful materials. 
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1.1.2 Technical challenges in Membrane Processes 
 
The separation of micron-sized particles from a liquid by using a membrane is an important 
operation in numerous industrial processes (with environmental, chemical, pharmaceutical 
and biomedical applications) [8]. However, membrane processes seldom produce two pure 
products, that is, one of the two streams is almost always contaminated with a minor amount 
of a second component. In some cases, a product can only be concentrated as a retentate 
because of osmotic pressure problems. In other cases, the permeate stream can contain 
significant amount of materials which one is trying to concentrate in the retentate because 
the membrane selectivity is not infinite. Membrane processes cannot be easily 
staged compared to processes such as distillation, and most often they have only one or 
sometimes two or three stages. This means that the membrane being used for a given 
separation must have much higher selectivity than would be necessary for relative 
volatilities in distillation. Thus, the trade-off is often high selectivity/few stages for 
membrane processes versus low selectivity/many stages for other processes. Membranes 
can have chemical incompatibilities with process solutions. This is especially the case in 
typical chemical industry solutions which can contain high concentrations of various 
organic compounds. Against such solutions, many polymer-based membranes (which 
comprise the majority of membrane materials used today), can dissolve, or swell, or weaken 
to the extent that their lifetimes become unacceptably short or their selectivity become 
unacceptably low. Membrane modules often cannot operate at much above room 
temperature. This is again related to the fact that most membranes are polymer-based, and 
that a large fraction of these polymers do not maintain their physical integrity at above 
100oC. This temperature limitation means that membrane processes in a number of cases 
cannot be made compatible with chemical process conditions very easily.  
Most importantly, membrane processes can be saddled with major problems of fouling of 
the porous media while processing some type of feed streams. Fouling is the stringent issue 
in separation processes such as MF and UF, especially if it is difficult to remove, can greatly 
restrict the permeation rate through the membranes and make them essentially unsuitable 
for such applications. It causes long-term loss in throughput capacity, reduction in the 
performance of the membrane, reduction in the native design selectivity of the membrane 
in use by acting as a secondary membrane, and limits the use of membranes to low-solids 
feed streams. To reduce or prevent membrane fouling impact, it is necessary to understand 
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how these phenomena occur and how they are influenced by operating conditions of the 
process. The understanding of the fouling mechanism and its reversibility is a scientific 
challenge. The complex interplay between different factors (such as the hydrodynamics, 
the surface interactions, the Brownian diffusion) makes the understanding of fouling in 
filtration processes difficult [8].   
Hence, membrane fouling is controlled by the complex interplay between the drag force 
acting on the particles due to permeation velocity, direct hydrodynamic interactions (e.g. 
shear induced diffusion), the properties of particles, and particle-particle or particle-wall 
non-hydrodynamic surface interactions. Experimental results with various colloidal 
dispersions have shown that the particle colloidal stability is a key point to depict 
macroscopic variations in permeate flux. Theoretically, this effect has been examined by 
considering either particle-wall or particle-particle surface interactions.  
There are some experimental investigations on membrane fouling in the last decades which 
are mainly based on the global variation of operating conditions such as the filtrate flux and 
the pressure drop on the whole membrane surface. Most researchers in their experimental 
investigation of the fouling phenomena consider the membrane as a continuous porous 
media with homogeneous properties. However, the local structure or morphology of the 
membrane, which is heterogeneous in practice, plays an important role in the particle 
capture processes. There are some experimental works on this showing the influence of the 
local structure of the membrane on fouling phenomena. For example, Bromley et al. (2002) 
[9] observed experimentally a five-fold critical flux increase with slotted pores than with 
circular pores by performing stirred cell experiments using polycarbonate isopore 
membranes with a nominal pore size of 10 µm. Similarly, Chandler et al. (2006) [10] 
performed filtration experiments by using PVDF membranes on yeast cells with slot-
shaped and circular pores and reported that the flux decline was slower with slotted pores. 
Lin et al. (2009) [11] also showed the existence of two preferential locations for particle 
deposition near the pore entrance in microsystems when analyzing deposition of latex 
particles near circular pores and they suspect that this was the result of an interplay between 
the hydrodynamics and physicochemical effects which control the particle motion in the 
close vicinity of the pore. Furthermore, Kuiper et al. (2000) [12] used micro-sieves with 
circular pores but various porosities to show that the latter plays an important role in the 
development of the cake layer at the membrane surface. For a high porosity, i.e. pores very 
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close to each other, steric hindrance can occur between particles and prevents their 
deposition over the whole membrane surface. Similar situations were experimentally 
evidenced by Ramachandran and Fogler [13-14] using direct visualizations of track-etched 
membranes, at pore scale, after filtration experiments performed with latex dispersions of 
well controlled particle sizes. Their experiments highlighted the formation of particle 
cluster at the pore entrance. All these experimental results clearly indicate the impact of the 
local structure at the membrane surface on the formation of the first layer of particles in the 
fouling phenomena.  
 
1.1.3 Scientific challenges in membrane processes 
 
The first approach in the analysis of the separation of particles from a liquid is to consider 
a single particle upcoming to a porous surface driven by the hydrodynamic effect [8]. The 
transport of the (colloidal) particle results from a balance between the drag force acting on 
the particle by the fluid (convective term), the diffusion of the particle (resulting from 
Brownian motion) and the interaction potential (which comes from the surface interactions 
between the particle and the wall of the porous surface) as schematized in figure 1.2 [8]. If 
the interaction between the particle and the porous surface is repulsive, the diffusive and 
the interaction potential are dispersive fluxes tending to take the particle away from the 
surface. Thus, the net flux of the particle towards the membrane, N, can be described by the 
combination of the convective flux, J, and the dispersive fluxes [8]. 
 
          𝑁 = 𝐽𝜙 − 𝐷
𝑑𝜙
𝑑𝑍
−
𝐷
𝐾𝑇
𝜙
𝑑𝑉
𝑑𝑍
                                                    (1.1) 
 
The terms on the right hand side of this equation are the convective (𝐽𝜙), the diffusive 
(𝐷
𝑑𝜙
𝑑𝑍
) and the repulsive (
𝐷
𝐾𝑇
𝜙
𝑑𝑉
𝑑𝑍
) interactions, respectively. 
 
Under pressure condition, the contribution of the diffusion term is negligible. In such cases, 
it is possible to determine the conditions where the repulsive surface interactions balance 
convection which in turn leads us to define the critical flux - permeate flux below which no 
particle deposition occurs as the drag force on the particle is balanced by or is not high 
enough to overcome the repulsion between the particle and the membrane [15]. 
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Figure 1.2: Schematic representation of particle-porous surface interaction and critical 
operating conditions for concentration processes [8].  
 
 
However, during a filtration process in industrial applications, one deals with multiple 
particles and these colloidal particles accumulate at the surface of the membrane. In this 
case, a particle is not only interacting with the membrane but also with neighbouring 
particles which results in multi-body interactions, accounted by the collective interactions 
[8] as describe in equation (1.2) and schematized in figure 1.3.  
 
 
𝑁 = 𝐽𝜙 − 𝐷(𝜙, 𝑉)
𝑑𝜙
𝑑𝑍
= 𝐽𝜙 −
𝐾(𝜙)
6𝜋µ𝑎
𝑉𝑝
𝑑𝛱
𝑑𝑍
                                 (1.2) 
 
 
Figure 1.3: Schematic representation of colloidal surface interactions, phase transition, 
osmotic pressure and critical operating conditions for concentration processes [8]. 
 
The second terms on the right hand side of equation (1.2) are the modified diffusion 
coefficient and the gradient of osmotic pressure which account for the multi-body surface 
interactions.  
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In practice, a sharp transition between a dispersed and a solid phase is not often observed 
in filtration processes and discrepancies between the models and experiments still exist 
even with well characterized suspensions and membranes [8]. One possible cause for these 
discrepancies is the fact that any membrane cannot be represented as a continuous porous 
surface with homogeneous properties. The local structure of the membrane (porosity, cut-
off, pore shape, pore size, pore size distribution, etc.) influences the dispersed phase to solid 
phase transition and thus the critical flux of the filtration process. A change in local porosity 
may change the local permeate velocity which modifies the balance between drag force and 
surface interactions which in turn causes a change in critical flux [8]. Even if the membrane 
were perfectly homogeneous, an uneven distribution of the permeate flux can be observed 
in actual process applications due to blockage of some pores which induces an increase in 
flux through the pores that remain open when operating at constant flux. Therefore, because 
of the resulting local permeate flux heterogeneities, the critical conditions for a deposition 
on the membrane surface can be met locally, even if the mean conditions are sub-critical 
when considering the membrane as a homogeneous porous surface. This highlights the need 
for studies performed at pore scale in order to have a better understanding and prediction 
of membrane fouling mechanisms. This heterogeneous nature of membranes makes it 
difficult to develop accurate description of the surface interactions between an isolated 
particle and the membrane at pore scale since the established models assume homogeneous 
membrane surface. This significantly complicates the analysis of particle-membrane 
interactions. This becomes even more complex when several particles approach 
simultaneously the pore which is the case in industrial applications. All these are the 
difficulties associated with the description of fouling at pore scale. Extracting meaningful 
data from experiments performed with a real, heterogeneous (in terms of pore size and 
spatial repartition) membrane is another difficulty [8]. Thus, the development of new in-
situ experimental methods is a key point for improving our understanding of particles 
capture by a porous medium. 
Thus, in order to progress towards a better understanding and description of fouling 
mechanisms, it is necessary to have a direct access to experimental information at the pore 
scale. This direct visualization of micro-pore fouling has been made possible by new 
progress in the micro-device fabrication technology. From an experimental point of view, 
a key to breakthrough in understanding of fouling phenomena is the development of in-situ 
quantification of physico-chemical interactions occurring during filtration which came to 
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reality because of the invention of microfluidic devices that surely will have potential future 
industrial applications because of their many advantages.  
 
1.2 Microfluidics: an opportunity for fouling analysis 
 
1.2.1 The new tool brought by microfluidics  
 
Microfluidics is the manipulation of small amounts of fluids in channels with micrometric 
dimensions [16]. A microfluidic device can be used to mimic a fraction of a filtration unit 
allowing direct observation at the pore scale how particle capture is affected by surface 
interaction phenomena. Microfluidics can have the potential to influence subject areas from 
chemical synthesis and biological analysis to optics and information technology. But the 
technology is still at an early stage of development needing to address the issues of initial 
applications, strategies for complete development, and commercialization. The first 
applications of microfluidic technologies have been in analysis, for which they offer a 
number of useful capabilities: the ability to use very small quantities of samples (such as 
proteins or DNA solutions) and reagents and to carry out separations and detections with 
high resolutions and sensitivities with the capability of forming part of portable systems for 
point-of-care or in-the-field detection; low cost; short times for analysis; and the automation 
of procedures are the advances led by the development of microfluidic devices [16-17]. 
Micro total analysis systems (µTAS) can be built using microfluidic technology and an 
entire analytical procedure can be performed including sample pretreatment, labelling 
reactions, separation, downstream reactions and detection [16].  
The most interesting features of microfluidics which can be exploited are the capabilities 
to achieve the less obvious characteristics of fluids in microchannels, such as laminar flow. 
It has been able to exploit certain fundamental differences between the physical properties 
of fluids moving in large channels and those traveling through micrometre scale channels. 
In macroscopic fluids, inertia is often more important than viscosity. In microsystems, 
fluids do not mix convectively and the only mixing that occurs is the result of diffusion of 
molecules between streamlines or across two fluids when they come together in a 
microchannel. It offers fundamentally new capabilities in the control of concentrations of 
molecules in space and time. One particularly useful characteristic is electro-osmotic flow 
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(EOF) [16]. When an ionic fluid (such as water) is placed in a microchannel that has fixed 
charges on its surface (such as silicon dioxide or surface-oxidized Polydimethylsiloxane 
(PDMS)) and an electrical potential is applied along the channel, the fluid moves as a plug, 
rather than with a parabolic-flow profile observed when pumping is accomplished by 
applying pressure to the fluid. EOF minimizes the broadening of plugs of sample that 
occurs with many pressure-driven systems, and allows very high resolution separations of 
ionic species. The development of practical micro-analytical systems for different 
applications faces the challenges of the existence of a limited technology in sample 
preparation and detection which are the important parts of the cycle of analysis. 
 
An exciting development within the microfluidic community has been the investigation of 
continuous flow separation methods [17]. In these processes, the sample is fed into a 
separation chamber continuously and subject to a force at an angle, often perpendicular, to 
the direction of flow. The sample components respond differently to this force and are thus 
deflected from the direction of flow and can be collected at different outlets. The types of 
forces applied to fractionate sample components are electric or magnetic fields, standing 
ultrasonic waves and intelligent design of flow obstacles. The advantages of characteristic 
features of continuous flow separation are continuous introduction of sample, continuous 
readout of separation efficiency, lateral separation of sample components, potential for 
integration, and Label-free [17].  
In summary, microfluidic devices enable us to make direct observation of the complex 
interplay between different factors in filtration processes at pore scale which leads us to 
have a better understanding of the phenomena in membrane filtration. It is also easier to 
collect experimental data by using these devices due to their obvious characteristics (mall 
size and easy handling of the samples) and these experimental results can be used for 
validating theoretical models. Microfluidic devices can also be used as prototypes for 
optimizing new system designs for separation and fractionation resulting in an increased 
overall efficiency in the process. The roles of surface interactions in separation processes 
are crucial and microfluidic devices are used for testing surface modifications giving 
information about their impacts in industrial applications. Currently, there are very limited 
commercial applications of the technology in the areas of sensors and biomedical. In 
general, microfluidics offers very fascinating advantages to exploit.  
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1.2.2 Microfluidic Separation of Particles 
 
Clogging of microchannels due to deposition from monodisperse suspensions at neutral pH 
has been investigated in phenomenological studies [15, 18, 19]. Stoeber and co-workers 
[15, 18] investigated the flow of dilute suspensions of polystyrene particles into silicon 
channels with a circular cross section. The empirical relationship between particle 
concentration Φ, flowrate Q, and the mean diameter of the particles d and the channels D 
with the time to channel blockage reported by this group indicates that the total amount of 
solids that pass through a pore before blockage mainly depends on the geometric 
parameters d and D. Wyss and co-workers [19] investigated particle deposition in a 
different geometry, where a suspension of polystyrene particles was driven through a large 
number of parallel channels with rectangular cross sections of width W = 20 µm and height 
H = 25µm. They determined the time for channel blockage and found that the total number 
of particles that pass a flow passage before complete blockage scales as (W/d)4, where d is 
the particle size. They also developed a model that assumes a particle initially traveling on 
a streamline that passes within a characteristic distance ɛ from the sidewall will deposit on 
the wall. They reported ɛ = 10 nm. 
 
By using PDMS microfluidic devices with microchannels having set of constrictions and 
polydisperse polystyrene particles in dead-end filtration at constant flowrate, Bacchin et al. 
(2010) [8] experimentally demonstrated that the suspension stability has an important effect 
on the initial stages of particle capture and deposit formation. They used KCl salt solution 
below the critical coagulation concentration (CCC) to change the interaction potential 
between the particles themselves and between the particles and the wall of the microfluidic 
device. They found that when the repulsive electrostatic interactions between the particles 
was reduced by increasing the concentration of KCl salt, particle-particle adhesion was 
promoted, which may also have changed the interaction between the particles and the walls 
of the PDMS microchannel. They also found that the clogging of the micro-separator is 
sensitive to the conditioning step of the device. Conditioning of the micro-separator with 
KCl (10-1 M) led to the formation of dendrites (figure 1.4) whereas ultrapure water 
conditioning led to the gradual obstruction of the microchannels (figure 1.5) induced by 
arches formed at the entrance of the microchannels (figure 1.6) resulting in progressive and 
continuous growth of a filtration cake.  
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Figure 1.4: Observation of particle capture after a conditioning of the micro-separator with 
a KCl solution, leading to the formation of dendrites. Image A at to +1 min, image B at 
to+20 min, image C at to +45 min and image D at to + 90 min [8]. 
 
 
 
Figure 1.5: Observation of particle capture after a conditioning of the micro-separator with 
ultrapure water, leading to the progressive obstruction of the microchannels, and then 
formation of a filtration cake. Image A at to +1 min, image B at to+20 min, image C at to 
+45 min and image D at to + 90 min [8]. 
 
 
Figure 1.6: Observation of the first stages of the particle capture. (A) After a PDMS 
conditioning with a KCl solution (image taken 1 min after the beginning of the filtration 
experiment). (B) After a PDMS conditioning with ultrapure water (image taken 30 s after 
the beginning of the filtration experiment). The formation of arches at the entrance of 
microchannels is clearly seen in image (B), whereas such a capture is not seen in (A) [8]. 
 
These results indicate that the time scale for clogging and the clogging mechanisms are 
extremely sensitive to the length scale of the repulsive interactions. Faster clogging 
dynamics is observed with addition of salt due to the partial screening of the repulsive 
forces. These experimental results [8] show that a slight change in surface interaction 
conditions leads to very different clogging mechanisms. For a more hydrophilic PDMS 
surface (after KCl conditioning), the collision efficiency of the particles at the PDMS 
microchannels entrance is very low and very few particles are captured in the bottleneck of 
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the microchannels and dendrites are then preferentially formed which offers a much lower 
resistance to the flow. In this case, deposition of particles on the internal walls of the 
microchannels was not observed as the particles were swept out by the high flowrate of the 
fluid in the microchannels. It is a much less efficient separation in terms of particle capture 
as particles can still flow through the filtering part of the micro-separator even when long 
dendrites are formed. In more hydrophobic conditions (ultrapure water conditioning), the 
formation of arches is promoted by efficient lateral collisions between particles and the 
wall on the bottleneck zone and this has important consequences on the efficiency of the 
separation.  
 
Similar results were obtained by Agbangla et al. (2012) [20] by doing experiments with 
microfluidic devices fabricated from PDMS with straight channels and analyzed the effect 
of particle concentration, hydrodynamics and KCl salt concentration (figure 1.7). Their 
observations revealed that higher particle concentration, higher flowrates, and adding salts 
aggravates the rate of clogging and deposit layer formation on the upstream side of the 
porous media.  
 
Figure 1.7: Summary of different deposit structures of latex particles formed during 
filtration experiments. For q ≤ 2 ml h-1, images are taken after 90 min of filtration while 
experiments performed at q = 10 ml h-1 last only 40 min [20]. 
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The effect of surface interactions tends to disappear when the volume fraction of particles 
is significantly increased. Formation of clusters and dendrites was observed simultaneously 
under the same configuration by increasing the concentration of particles for suspensions 
dispersed in salt solution. They also confirmed that arch formation is the mechanism for 
the deposit formation (figure 1.8) and found that dendrite formation process is influenced 
by the flow configuration where straight and tilted dendrites were obtained in dead-end and 
cross-flow filtrations, respectively (figure 1.9).    
 
Figure 1.8: Φ = 5x10-3; Q = 2 ml h-1. (A) Close-up on the open microchannel entrance after 
34 min and 55 s of dead-end filtration. (B) Final state of the bridging mechanism after the 
passage of 7650 particles through the micro-pore in 5 s: close-up on particles blocking the 
microchannel entrance after 35 min of dead-end filtration [21].  
 
 
Figure 1.9: Φ = 10-3 v/v; Q = 2 ml h-1: Latex suspensions are dispersed in KCl-water 
solution at 10-1M.  (A) Formation of straight dendrites after 90 min of dead-end filtration. 
(B) Formation of tilted dendrites after 90 min of cross-flow filtration [21]. 
 
Bacchin et al. (2013) [21] investigated the effects of connectivity and tortuosity on the 
particle capture in their effort to mimic more real membrane processes by performing 
experiments with the PDMS microfluidic devices having different geometries (straight 
microchannels, microchannels with aligned square pillars, and microchannels with 
staggered square pillars) of 20 µm widths, 50 µm depth and 170-200 µm length depending 
on the type of geometry (figure1.10). They found that as tortuosity of the microchannels 
increases, progressive capture of particles occurs on the different layers of the porous media 
leading to internal clogging which is not usually observed with straight channels.  This 
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progressive particle capture further leads to the growth of a deposit layer on the upstream 
zone of the porous media. Sharp and Adrian (2005) [22] also observed blockage of micro-
tubes due to arches formation. They showed that a stable balance between the 
hydrodynamic forces and the contact forces (friction) between particles and the wall can 
lead to the formation of stable arches.  
The study of the dynamics of the clogging with image analysis giving the temporal variation 
of the average thickness of deposited particles also confirms the change from arches 
formation to a rapid deposition and cluster formation of different particle structures for a 
high volume fraction of particles (figure 1.11) [13, 20].  
 
 
Figure 1.10: Effect of microchannel geometry on the plugging. Images are taken at 
different times during the filtration (filtration velocity from the top to the bottom) of 5 
micrometers latex particles with a volume fraction of 10-3. The fluid velocity is 4.5 mm s-
1. Particles were dispersed in 10-1 M KCl solution [22]. 
 
 
Figure 1.11: The temporal evolution of the average kinetics of particle deposit: -*- Φ = 10-
3 v/v; q = 2 ml h-1, and -o- Φ = 5x10-3 v/v; 2 ml h-1 (dispersed in ultra-pure water) with 
snapshots of the cluster formation at t=15, 55 and 85 min [20]. 
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Agbangla et al. (2012) [20] described that a minimum value of the flow velocity is needed 
to induce the capture and deposition of particles at high volume fraction and no clogging 
of microsystems is observed below a given value of volume fraction of particles at a given 
flowrate (Figure 1.12). Varying the particle concentration or the average flow velocity 
influences the behavior of particles.  
 
 
Figure 1.12: Experimental conditions leading to deposition of latex particles and to the 
microsystem clogging. Results shown in this figure represent the state of microsystem after 
90 min of filtration performed by dispersing the latex particles in ultrapure water and 
varying the volume fraction of particles and the average flow velocity: filled diamonds: 
clogging, open circles: no clogging [20]. 
 
Mustin and Stoeber (2010) [23] investigated the effect of particle size distribution on the 
dynamics of channel blockage in microfluidic systems. They used PDMS microfluidic 
devices bonded with glass after different surface treatments (sulfate and both sulfate and 
carboxyl surface groups) to filter latex particles. Their experimental observations show that 
the presence of low concentration of relatively large particles in a suspension has a major 
effect on the average time for a microchannel to be blocked by particles. Depending on the 
size distribution of particles in a suspension, microchannel blockage occurs through 
successive particle deposition, particle size exclusion, or through a combination of these 
effects (figure 1.13a, b and c). The significance of these mechanisms depends strongly on 
the particle size distribution of the suspension. For suspensions with a relative large number 
of large particles, channel blockage through size exclusion is more likely to occur (figure 
1.13a). When the suspension contains a smaller fraction of large particles, the channel cross 
section is reduced due to successive buildup of particles and particle aggregates until it is 
completely blocked (Figure 1.13c). According to the observation from this study, such a 
clogging event takes longer time compared to clogging through size exclusion. Figure 1.13b 
shows combination of these mechanisms. The same group also found that the suspensions 
of particles with sulfate surface groups seem to incur shorter blockage times than 
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suspensions of particles with sulfate/carboxyl surface modification (figure 1.14). They also 
performed experiments after screening the suspension before using it in the microchannel 
blockage analysis in order to remove particles with large sizes (d>10 µm) and they found 
that the mean channel blockage time for suspensions decreases significantly when the ratio 
of large particles increases. This effect becomes even more pronounced when the average 
particles size increases.   
 
 
Figure 1.13 (a) Clogging of microchannels for suspensions with a relative high content of 
large particles; the constrictions are mainly blocked by size exclusion of particles larger 
than the flow passage; dm = 0.47 µm, Φ = 1%, and ΔP = 2 psi; a large particles deposit at a 
channel entrance; the entire channel is blocked within a few seconds. (b) Microchannels 
are clogged by large particles mainly through size exclusion. (c) Clogging of microchannels 
through sequential deposition of small particles; dm = 0.5 µm, Φ = 1%, and ΔP = 2 psi [23]. 
 
 
Figure 1.14 Ratio of blocked channels as a function of time for four suspensions at Φ = 1% 
and Δp = 2 psi [23]. 
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There are some other mechanisms which may play very important role in the deposition of 
additional particles on the surface of the porous media. These mechanisms include the 
surface blocking effect (Adamczyk et al., 1995) [24], the change of the actual pore 
geometry, and the changing flow field.  
In summary, the experimental results and the theories presented above are not sufficient to 
complete the description of the entire process of the fouling phenomena in industrial 
filtrations. There are very few experimental investigations on analysis of the fouling 
phenomena at micro- and nanoscale, where there is no clear understanding on the 
mechanisms of pore clogging. For example, dendrite structures formation mechanism has 
not been clearly understood yet. There have also been discrepancies between 
theory/simulations and experiments. This is because the theoretical modeling and 
numerical simulations often neglect multi-body interactions by considering only surface 
interactions between pairs of particles and also often represent the membrane as 
homogeneous material (thus neglecting the phenomena occurring at the pore scale). They 
also do not consider the detachment of particles after deposition on the walls of the porous 
media. More importantly, the analysis on the on the coupling of hydrodynamic conditions 
and surface interactions has not been considered in most of the experimental and theoretical 
studies performed on fouling. There have been also some observation of cake collapse and 
subsequent expulsion of aggregates of particles through the opening channel during 
filtration of micro-particles when the size of particles is smaller than the channel size [20]. 
There is no any investigation made yet on this phenomenon and its frequency during the 
filtration process. Thus, even if all the previous studies provide some insights into the 
complex mechanisms underlying in the capture of individual particles and deposit 
formation at pore entrances, the aforementioned shortcomings reveal that more 
experimental and theoretical studies are needed in order to completely describe the fouling 
phenomena at pore scale. 
 
1.2.3 Microfluidic Separation of Bacteria 
 
Microorganisms do not live as pure cultures of dispersed single cells but instead accumulate 
at interfaces to form polymicrobial aggregates such as films, mats, flocs, sludge or biofilms. 
It has been reported that in most biofilms, the microorganisms account for less than 10% 
of the dry mass, whereas the matrix (extracellular material) can account for over 90% [25]. 
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The biofilm cells are embedded in the matrix which is mostly produced by the organisms 
themselves. It consists of a conglomeration of different biopolymers and is called 
extracellular polymeric substances (EPS) that forms the skeleton for the three-dimensional 
architecture of the biofilm and is responsible for their adhesion to surfaces and for cohesion 
in the biofilm. The concentration, cohesion, charge, sorption capacity, specificity and 
nature of the individual components of EPS, as well as the three-dimensional architecture 
of the matrix (the dense areas, pores and channels), determine the mode of life in a given 
biofilm [25]. The architecture of biofilms is influenced by many factors, including 
hydrodynamic conditions, concentration of nutrients, bacterial motility, and intercellular 
communication as well as exopolysaccharides and proteins. EPS keep biofilm cells in close 
proximity allowing for intense interactions including cell-cell communication and the 
formation of synergistic micro-consortia.  The matrix protects organisms from desiccation, 
oxidizing or charged biocides, some antibiotics and metallic cations, UV radiation, 
protozoan grazers and host immune defenses. Although several functions of EPS have been 
determined demonstrating a wide range of advantages for the biofilm mode of life [25], 
there is no yet a clear understanding of the composition and molecular interactions of the 
various secreted biofilm matrix polymers. The composition of the matrix can vary greatly 
between biofilms depending on the type of microbial cells present, the shear forces 
experienced, the temperature and the availability of nutrients. The contributions of these 
components to matrix integrity are also poorly understood at a molecular level.    
During the treatment of wastewater, the cohesion of flocs and biofilms determines the 
stability of several important processes, including flocculation, settling and dewatering 
[26]. In natural environments, EPS play a crucial part in the stabilization of sediments [27]. 
Furthermore, biofilms in stagnant waters can be disrupted by the low shear forces, and 
extremely stable bacterial biofilms with a rubber-like appearance serves as holdfasts for 
microorganisms at waterfall impact points [28]. The mechanical stability of biofilms, which 
is mainly due to the exopolysaccharides in the matrix, is important although they are not 
rigid structures [29]. The process of antifouling is carried out by overcoming the cohesive 
and adhesive forces of the matrix and matrix stability determines biofilm detachment [29]. 
The mechanical properties of biofilms can be influenced by shear forces [29]. Bacterial 
micro-colonies have been observed rolling along surfaces when under steady shear forces 
[30].  
In general, biofilms display viscoelastic properties. They undergo both reversible elastic 
responses and irreversible deformation, depending strongly on the forces acting on the EPS 
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matrix. Entanglement of biopolymers further contributes to matrix stability. 
Staphylococcus aureus biofilms show elastic-solid-like response to short-timescale stimuli 
and viscous-fluid-like response to long-timescale stimuli [30]. It is possible that, on an 
intermediate timescale, a biofilm can increase the strength of its structural matrix, in 
response to mechanical stresses by increasing EPS production [31]. The interaction of 
multivalent inorganic ions with EPS can greatly influence the mechanical properties of the 
biofilm. For example, the presence of Ca2+ increased the mechanical stability of mucoid 
Pseudomonas aeruginosa biofilms due to the cross-linking of poly-anionic alginate 
molecules mediated by Ca+2 [31]. When the rheological properties of a biofilm were 
explained on a microscale level using a novel microfluidic device, finite element analysis 
and confocal laser scanning microscopy, increased cohesion under shear stress (known as 
strain hardening) was observed for biofilms of Klebsiella Pneumoniae and Staphylococcus 
epidermidis [32].   
There are some studies which confirm that bacterial adhesion and biofilm formation are 
sensitive to numerous biological and physico-chemical factors. The biological factors 
include the bacterial cell type [33-34], their physiology and surface properties (e.g., the 
presence of EPS) [35-37], their motility [38], and the surface properties of their cell wall 
(e.g., hydrophobicity, surface charge, and the viscoelasticity of the cell envelope) [39]. The 
chemical factors are the properties of the aqueous solutions in which the bacteria are 
dispersed and these include the ionic strength and pH, which can induce changes in the 
bacterial wall [40-43]. The physical factors of the fluid include the hydrodynamics (flow 
velocity, pressure), which have been studied with various flow configurations [43-46]. 
Depending on these conditions, bacteria can form biofilms with various architectures and 
microbial activities and the biofilm can form mushroom-like structures on a plane surface 
but also, in some cases, filamentous structures called streamers which are usually found 
between the spacers in nano-filtration and reverse osmosis equipment in industrial 
applications [29]. The presence of streamers leads to a pressure drop and a decrease in 
process efficiency [47]. The behavior of bacteria in a filter or a membrane is affected by 
this complex interplay between biological and physico-chemical phenomena. Lebleu et al. 
(2009) [48] have shown that the retention of bacteria in microfiltration membranes is linked 
to the elasticity of the cell envelope.   
A. Marty et al. (2012) [49] observed in their experiments the formation of streamers in the 
downstream part of the porous media using PDMS microfluidic device with different 
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geometries in non-nutritive conditions and short experimental duration. They called the 
bacterial accumulations ‘streamers’ because of their shape and the mobility in the flow, 
similar to those observed for mature streamers [29]. This result is very different from that 
observed in same system with ‘inert’ particles of equivalent size in which the particles are 
preferentially captured in the porous media and which then accumulated in the upstream 
zone [8]. Streamer formation is found to be influenced by the flow configuration and the 
architecture of the microchannels. The results show that there is almost no accumulation of 
bacteria when filtering in dead-end mode with straight channels but when operated in 
pseudo-cross-flow modes, bacteria streamers are observed at the outlet of the channels. 
Dense streamers were observed with staggered channels in both dead-end and pseudo-
cross-flow modes (figure 1.15).  
 
Figure 1.15: Observation of bacterial development for four different conditions after 2 h 
filtration. (a) dead-end mode with straight channels; (b) dead-end mode with staggered 
channels; (c) pseudo-cross-flow mode with straight channels; (d) pseudo-cross-flow mode 
with staggered channels. Scale bars = 200 µm [49]. 
 
The experimental results with different channel sizes show that the average streamer length 
and the capture efficiency increased more rapidly as the size of the channel decreased and 
approached the size of the bacteria because of the higher probability of bacteria-wall 
collisions. Average streamer length increased with flow rate. However, very high flowrate 
causes detachment of streamers into the flow. The capture efficiency decreased as the 
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flowrate increased. This implies that there is rapid growth of streamers but the efficiency 
of the bacterial capture in the streamers is reduced at higher flow rate. A. Marty et al. [49] 
also performed confocal experiments and their results confirmed the simultaneous presence 
of EPS and bacteria in the streamers spreading into the middle of the channel accounting 
for the observed undulations in the flow during the filtration experiment (figure 1.16). 
 
 
Figure 1.16 (a) Confocal visualization of a streamer in the xy plane; flow is from top to 
bottom. (b) Three-dimensional reconstruction of a streamer from confocal microscopy in 
the xy plane (c) and in the xz plane; red and green colors represent secreted EPS and 
bacteria, respectively [49]. 
 
A. Kumar & T. Thundat (2012) [51] investigated the influence of hydrodynamics on the 
formation, morphology, and distribution of streamers in microfabricated devices and found 
that the formation of streamers only occurs within a certain flow range, indicating that the 
formation of streamers is linked very closely to the hydrodynamic conditions. Moreover, 
even within this range, streamer dynamics and morphology change prominently with 
changes in flowrates.  
Simultaneous measurements of the frequency of adhesion events and their duration for 
varying stress have also been performed on Pseudomonas aeruginosa cells [52]. The main 
finding is that the bacterial cells create more long-lived adhesion events to immersed 
surfaces under shear stress, even though their probability of sticking is reduced. 
Furthermore, bacterial attaching under identical flow conditions are more likely to detach 
when shear is suddenly decreased, which shows that individual cells dramatically respond 
to shear rate variations, modifying their adhesion state. This phenomenon is not due to 
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specific properties of surface organelles (pili, flagellum) or exopolysaccharide production, 
but instead takes place under a wide variety of environmental conditions and on different 
surfaces. Elimelech et al. (2004) [53] reported that the secondary energy minimum plays 
an important role in bacterial adhesion during transport in porous media at moderate to high 
ionic strength (10-300 mM KCl) using Escherichia coli suspensions. They also observed 
low bacterial adhesion in stagnation points of flow systems indicating that bacterial 
attachment occurs in high shear stress regions. Similarly, David G. Jewett et al. (1995) [54] 
reported decrease in collision bacterial efficiency (approximately by about 90%) by 
decreasing the ionic strength of the suspension by four orders of magnitude (from 100 to 
0.01 mM) during transport of Pseudomonas fluorescens P17 in laboratory columns and 
filters. The results from both these groups [53, 54] show that bacteria behave in a similarly 
in a wide range of ionic strengths. David G. Jewett et al. (1995) [54] also reported that 
bacterial transport was unaffected by changes in pH in the range of 5.5 to 7.0 which is 
commonly encountered in soil and ground water. On the other hand, W.P. Johnson et al. 
(1996) [55] observed decrease in retention of A. paradoxus bacterium during transport 
through porous media by roughly an order of magnitude by decreasing the ionic strength 
by the same magnitude. These experimental investigations [52-55] show that bacterial 
adhesion in flow system depends on the solution chemistry of the bacterial suspension and 
the bacterial species. 
Generally, there are very limited experimental and numerical studies on the conditions of 
the formation of bacterial streamers despite being a very important issue in many industrial 
processes such as water and waste water treatment plants, where controlling cell adhesion 
is important to avoid bacterial contamination of the water after treatment. These studies are 
not able to identify a specific cell-surface interaction. Streamer formation is a complex 
process and many aspects of this complex process still remain to be understood. There is 
no clear understanding on the composition and properties of the extracellular matrix in the 
streamers which mostly determine their properties and interaction with surfaces. Bacteria 
are also able to pass through microchannels even if the size of the microchannels is smaller 
than the bacterial cell size which complicates the biofouling analysis. All these lack of 
understandings and others suggest that further studies on the area are needed. 
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1.3 Aim and Outline of the Thesis 
 
 
From the background analysis on the fouling of separation systems in Chapter 1, it is clear 
that there are still numerous questions to answer for its better understanding, prediction, 
and control that will lessen its consequences in industrial applications. For this, the first and 
most important question to reflect is regarding the techniques used for the analysis of 
fouling at pore scale. Recent research works are focusing on the analysis of fouling at pore 
scale using microfluidic devices. Most of the experimental works have been performed 
using microfluidic devices prepared from PDMS. However, there are some disadvantages 
of using PDMS as a device for fouling analysis: it is permeable to gases and water may 
always be present in the channels; the bonding between two PDMS layers lasts for short 
time (i.e., few hours); PDMS is easily deformable and the channel dimensions may change; 
and PDMS devices are usually thick making it difficult to directly visualize and track 
individual entities at low and medium microscopic magnifications whilst observing many 
events simultaneously. Thus, there is a need to develop systems which provide better 
observations of fouling phenomena occurring at pore scale by using the benefits of latest 
advancements in the microfabrication technology and by coupling direct observations with 
dynamic permeability measurements. There are also few studies on the continuous 
separation or fractionation of particles which have been mostly performed by utilization of 
external forces. There are some hydrodynamic fractionation methods but the performance 
greatly depends on the operating conditions and is usually low. Thus, the question which 
arises here is ‘Is it possible to develop a simple microfluidic system for size fractionation 
of particles without utilizing external forces and avoiding deposition?’. It sounds that there 
is a gap in terms of developing simple and improved techniques in this area. 
 
On the other hand, the experimental and theoretical works on the study of fouling by 
colloidal particles until now mainly emphasized on the analysis of single parameter effects 
(simple cases) neglecting the collective effects that occur in real systems. Most of the 
studies are on the analysis of separate effects of hydrodynamic conditions and surface 
interaction potentials on the particle capture at early stages of filtration. Moreover, 
multibody interactions (interactions between particles and between particles and the surface 
of microsystems) and possible detachment of particles (most studies assume irreversible 
attachment) are also usually not taken into account in theoretical analyses leading to 
discrepancies between theoretical and experimental results. Detachment of particles by 
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flow after capture may lead to deposit fragility after dense deposit is formed which can 
have significant consequences on the filtration process (more specifically, on the 
permeability and product quality). Thus, it is essential to consider coupled effects of 
operating conditions and physicochemical interactions (complex cases) and re-entrainment 
of particles during fouling analysis. The interplay of these factors can significantly 
influence the filtration dynamics, the critical flux, the permeability, and the morphology of 
the deposit. Thus, the question here to answer is ‘how does the coupling of collective effects 
and hydrodynamics and the occurrence of clogs fragility influence the dynamics of 
filtration processes of colloidal particles?’. 
 
The fouling analysis is more complicated when dealing with microorganisms (such as 
bacteria) compared to colloidal particles as the interaction in such systems among the 
biological particles and between the particles and surfaces is completely different to 
colloidal particles and is extremely complex. Different biofouling mechanisms by bacteria 
have been reported depending on the architecture of the biofouling, such as biofilm 
formation and streamer formation). There are limited studies on bacterial streamer 
formation mechanisms despite the fact that this type of biofouling is common in NF and 
RO systems. Few of these studies showed that streamer formation mechanisms are affected 
by both biological and physicochemical factors but the analysis on the complex interplay 
of these factors is limited. Most importantly, there are no investigations on the effect of 
cultivation or growth conditions (such as substrate composition) on the bacterial streamer 
formation phenomena. Furthermore, few of the studies on bacterial streamer formation 
have also been performed using single bacterial strains. Thus, the question which could 
come to someone’s mind in this case is ‘how does co-cultivation of different bacterial 
strains affect the biofouling or streamer formation process?’. This is very important issue 
when considering industrial applications such as biotechnology, food processing, water and 
wastewater treatment systems, etc. in these applications, it is most probable that bacteria 
consortia are encountered rather than pure cultures commonly considered in laboratory 
systems.  
 
In fact, the fouling analysis is by far complicated when dealing with the above mentioned 
commercial applications because these systems not only comprise biological particles but 
often contain colloidal particles and inorganic contaminants. Then, ‘How does mixing of 
colloidal particles with biological particles affect the dynamics of filtration processes?’ 
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seems to be the appropriate question to answer in order to progress in the understanding of 
fouling in filtration systems handling complex mixture of materials. Surprisingly, these 
complex cases of mixture of different bacterial species and mixture of biological particles 
with colloidal particles have not mostly been considered in the research works for fouling 
analysis even though they represent the real situations in applications. This shows that there 
is still a big gap between the research works at academia and the commercial applications 
concerning fouling. Microfluidic techniques provide great opportunities for these studies 
and they can have future applications in these areas at the industrial level. 
 
Thus, the main objective of the thesis is to answer as many of the questions raised above as 
possible by implementing microfluidic techniques. The aim is to progress in the 
understanding of the fouling phenomena during filtration of soft matter (colloidal particles 
and bacteria and their mixtures) and to examine the efficiency and feasibility of 
microfluidic separators. This will be made possible by developing microfluidic devices 
with micrometric channels having the same size range as the particles and the bacteria 
allowing in-situ and direct observations of the fouling mechanisms. These microfluidic 
systems will be equipped with dynamic flow rate and pressure measurement devices. 
Microfluidic devices for fractionation with specific configuration will be developed in 
order to maximize performances in continuous separation of particles based on size without 
application of any external force. These will be the focus of Chapter 2. 
 
The main experimental works to be realized in this thesis for better analysis of fouling are 
microfiltration at different hydrodynamic conditions (flow rate, filtration mode) and 
different surface interaction profiles (by varying the ionic strength) in order to analyze their 
interplay in the clogging mechanisms of microchannels by soft matter (interacting 
particles). The clogging dynamics and the importance of clogs fragility on the dynamics 
and permeability variations will be considered in detail. The importance of collective 
behaviours exhibited by interacting particles on the fouling dynamics will be analysed. This 
will be presented in Chapter 3. 
 
The biofouling phenomena by bacterial streamer formation will be analyzed by considering 
the streamer formation conditions and mechanisms emphasizing on the bacterial cultivation 
conditions (mainly the carbon to nitrogen ratio) to control the EPS production and observe 
its effect.  The complex case of mixture of different bacterial species is considered to 
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analyse the streamer formation and to compare with streamers formed by pure cultures. 
Filtration experiments with mixed bacterial cultures will be performed by co-cultivating 
EPS producing (Enterobacter A47 bacterium) and non-EPS producing (Cupriavidus 
necator bacterium) species and the streamer formation phenomena will be analysed and 
compared with the EPS producing (Enterobacter A47 bacterium) pure culture results. 
These complex systems mimic real biological systems. All these investigations will be 
discussed in Chapter 4.  
 
Filtration of heterogenic mixtures of colloidal particles and bacteria will also be analysed 
to understand the fouling mechanisms in real systems such as in wastewater treatment 
plants. Clogging dynamics of the pure suspensions of colloidal particles will be compared 
both qualitatively (direct observations) and quantitatively (dynamic measurement of 
filtration conditions). Comparisons will also be made between the results of filtration 
experiments of the heterogenic mixtures at different physicochemical conditions and these 
will in turn be compared with filtration results of pure suspensions of both colloidal 
particles and bacteria. This will be presented in chapter 5. 
Finally, general conclusions and perspectives will be given. 
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Development of New Microfluidic Devices from Fouling 
Analysis at Pore Scale to Fractionation Chips 
 
The main technical problem that separation processes involving membranes face is fouling or 
accumulation of materials in the upstream or inside the separation section. In some cases, there 
is also accumulation of materials in the downstream of the membrane (for example, bacterial 
streamers). The scientific challenge in these processes is that there are a number of factors to 
be taken into account for the analysis of the fouling problem. For example, during filtration of 
colloidal particles, the factors that play important roles include the flow conditions, the 
Brownian motion, the electrostatic interactions between the particles and between the particles 
and the membrane surface, etc. For better understanding of the influences of the different 
factors in the fouling of separation units, it is essential to have access to experimental 
information at the pore scale. This is made possible by using microfluidic devices. Thus, we 
are interested to face these scientific challenges and we make specific designs of microfluidic 
devices for this purpose. Mainly, we are interested to study the clogging dynamics of 
microchannels during filtration of microparticles by taking into account the effects of the 
hydrodynamics, the electrostatic interactions, and the coupling of the two. Furthermore, we 
aim to analyse the bacterial streamer formation phenomena during filtration of bacterial 
suspensions through microchannels. We focus in this part on how these processes are affected 
by the cultivation processes of the bacteria and the mixing of hard particles suspensions with 
bacterial suspensions. Fractionation of particles based on their size and study of unfolding 
characteristics of proteins are also our interest of analysis. Different types of chips are 
developed based on the intended use: clogging dynamics analysis of particles and bacteria, 
hydrodynamic fractionation of particles, and unfolding characteristics of proteins. We take 
advantage of the well-established techniques (soft lithography and replica moulding and silicon 
microfabrication technology) for fabrication of the chips. Polymeric materials and silicon 
wafers are used to fabricate these chips. 
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 2.1 Introduction 
 
Miniaturization of systems for fluidic, chemical, mechanical, biological, and biomedical 
applications have progressed extensively in recent years. These systems made possible the 
unexplored characteristics of fluid flow leading to the creation of microfluidics – a new 
discipline that studies flow in microsystems. Typical and well developed examples of 
microfluidic systems include micromixers, microreactors, electrophoretic separators, 
micropumps, etc. [1]. Thanks to the advancement in microfabrication technologies, there are a 
number of industries involved in applications of microfluidics using devices such as lab on 
chip, chemical sensors, flow controllers, microvalves, micronozzles etc. 
The most developed and largely available microtechnology providing immense resources for 
the know-how of different expertise in the domain of microfluidics is silicon microfabrication 
[1]. This technology is often part of other microfabrication technologies. Silicon 
microfabrication is mainly based on the combination of lithography, deposition, and etching 
techniques using hard materials such as silicon and glass, which allow the realization of 
complex microfluidic devices. Soft technologies based on polymers and plastics also play 
significant role in the field of microfluidics. Microfluidics was largely transformed by the 
appearance of soft technologies because they are much faster, simpler, and less expensive [1]. 
They are very attractive in terms of cost, especially when dealing with large number of 
microfluidic devices. This made microfluidics accessible to the world and is still young and 
evolving field. Polydimethylsiloxane (PDMS) and polymethylmethacrylate (PMMA) are the 
most widely used elastomers in soft microfabrication technology. Microfluidic devices based 
on elastomers are made either directly or by replica moulding techniques. Direct 
microfabrication method uses the material of interest directly to prepare the device (such as 
PDMS microfluidic devices) whereas replication method requires the preparation of a mould 
prior to the fabrication of the device. 
In this chapter, we present the fabrication processes using both the hard (silicon) and the soft 
(polymers) technologies to realize microfluidic devices that will be used for filtration 
experiments of colloidal particles and bacteria. The purposes of the experiments are to analyse 
the fouling phenomena at pore scale. More specifically, experiments are designed to access 
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information on the capture and clogging dynamics of microchannels by micrometric particles 
and to study streamer formation phenomena by bacterial suspensions. In this respect, 
microfluidic techniques offer the possibility of achieving a dynamic observation of dispersion 
of particles and bacteria flowing through a filtering section. These experimental techniques are 
aimed to reproduce the micrometer scale membrane filtration processes. These techniques 
allow to experiment with very small quantities of suspensions and very well defined 
physicochemical and flow conditions. Microfluidic devices fabricated by soft microfabrication 
techniques are mainly used for the study of clogging dynamics of microchannel bottlenecks by 
particles under different flow and physicochemical conditions. These devices are fabricated by 
soft lithography and replica moulding techniques. PDMS (Sylgard 184 silicone elastomer kit, 
Dow Corning) is used to prepare the mould. Two different types of materials are used to 
fabricate the devices from the PDMS mould: Norland Optical Adhesive 61 (NOA61) and 
OSTEmerX (Off-Stoichiometry Thiol-Enes polymer) 322 crystal clear polymer for their 
respective advantages. NOA61 is a cheap, one part system avoiding premixing operation 
common to other adhesive systems. OSTEmerX 322 crystal clear polymer is more expensive 
but gives higher resolution which allows fabricating smaller size systems compared to NOA61. 
We used both these elastomers to fabricate microfluidic devices with channel widths of 10 µm 
and 20 µm with uniform depth of 50 µm. The microfluidic devices fabricated by the hard 
microfabrication technology are used for the study of the bacterial streamer formation during 
filtration of bacterial suspensions, for fractionation of particles using complex geometries, and 
for analysis of unfolding properties of proteins.  
The PhD project (Erasmus Mundus Doctorate Program under European Doctorate in 
Membrane Engineering (EUDIME) scholarship) involves mobilities to two universities in 
addition to the home university (Université Paul Sabatier, UPS) where most of the work is 
performed. The two hosting universities are University of Twente (The Netherlands) and 
Universidade Nova de Lisboa (Portugal). The main task during the mobility to University of 
Twente is to fabricate microfluidic devices with smaller sizes and more complex geometries 
compared to the polymeric chips described above which are fabricated in UPS. The silicon 
devices are fabricated in MESA+ nano lab at University of Twente, The Netherlands. Dry 
reactive-ion etching (DRIE) technique is used to fabricate chips with widths ranging from 2 
µm to 20 µm and depths about 20 µm, which are used for studying bacterial streamer 
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formation. The chips for analysis of the unfolding properties of proteins are fabricated by wet 
etching technique using BHF (1:7), their widths ranging from 2 µm to 5 µm and their depth is 
about 80 nm.   
The following section presents the fabrication processes of the different microfluidic devices. 
The sections are divided based on the fabrication technology, i.e., soft technology (where 
polymeric materials are used) and silicon technology (where silicon and glass are used to 
fabricate the complete microfluidic system). In each section, the design and the fabrication 
processes of the devices are described in detail. The last section presents preliminary results 
on the fractionation experiments of particles using specifically designed microfluidic devices 
fabricated by silicon technology. The main focus here will be to analyse the critical conditions 
under which size separation of particles can be performed without clogging of microchannels 
by the particles. This will be realized by determining the critical fluxes under different 
physicochemical conditions. We were not able to progress to the fractionation processes using 
the complex geometries because of time limit.  
 
2.2 NOA61 and OSTEmerX 322 Crystal Clear Polymer Chips 
 
Conventional methods of fabricating microfluidic devices involve etching in glass and silicon 
[2]. Although using these materials for fabricating microfluidic devices gives some benefits 
such as supporting electroosmotic flow (EOF) due to their desirable surface properties and 
cleaning of the channels during etching, there are some challenges. Silicon is a relatively 
expensive and non-transparent material in the visible/UV region of the spectrum making it 
unsuitable for systems that use optical detection and it is difficult to etch vertical side walls 
with glass because it is amorphous despite being transparent [2]. High voltages or temperatures 
requirements for the sealing of these materials are other disadvantages of the technology. There 
is a rapid advancement towards a new method of fabrication and into new types of materials 
[2-6]. Polymers and plastics are the new types of materials for the fabrication of microfluidic 
devices. The advantages of working with polymers are that they are inexpensive, channels can 
be formed by moulding or embossing rather than etching, and devices can be sealed thermally 
or by using adhesives. However, more care must be taken to control their surface chemistry 
than with glass and silicon. They are often incompatible with organic solvents and low 
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molecular weight organic solutes. They are also generally incompatible with high 
temperatures.  
Much of the exploratory research in academic studies of microfluidic systems using polymeric 
materials has been carried out in Polydimethylsiloxane (PDMS) [1]. PDMS is a moderately 
stiff elastomer (depending on prepolymer and crosslink density) [6] which makes it conform 
to a surface and achieve atomic-level contact that is useful in forming and sealing of 
microfluidic systems. It is optically transparent down to 300 nm [3] which makes it interesting 
for a number of applications involving optical detection techniques. PDMS is non-toxic and 
biologically compatible, can seal reversibly or irreversibly, its surface can be modified by brief 
exposure to oxygen plasma, cures at low temperature, is chemically inert, and can be deformed 
reversibly. These features and the ease with which new concepts can be tested in PDMS and 
its ability to support certain very useful components (such as pneumatic valves) have made it 
the key material for exploratory research and research engineering at the early stages of 
development [2]. Fabrication of microfluidic devices in PDMS by soft lithography [4] provides 
faster (maximum of a day for a device) and less expensive (~$80/kg) [3] routes than those 
conventional methods to devices that handle aqueous solutions.  
However, there are some problems when dealing with PDMS microfluidic devices. PDMS is 
permeable to gases and we may always have water or other gases in the microchannels. The 
sealing of the two PDMS layers lasts for a short period of time, especially when exposed to 
atmospheric conditions. The devices fabricated with PDMS are usually thick (few centimetres) 
prohibiting tracking of individual entities at micro-level during experimental investigation. 
Thus, we need to find other options. Thus, our main objective in this section is to fabricate 
microfluidic devices using NOA61 (Norland Optical Adhesive) and OSTEmerX 322 crystal 
clear polymer instead of PDMS. The fabrication process for our systems is replica moulding 
techniques. PDMS is used to prepare the mould from which the devices are fabricated. The 
PDMS mould itself is fabricated from SU-8 mould, which is obtained from the mask that is 
prepared from LAAS (RTB platform, Toulouse, France). Glass slide is used as a support to 
fabricate the chips. The fabrication processes using the two materials are similar except that 
OSTEmerX 322 crystal clear polymer has two components and requires premixing and thermal 
drying or hardening at higher temperature (100oC for about 1 hour) after making the chip. 
Generally, the fabrication process involves forming a thin layer of the polymer on a glass slide 
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and putting the PDMS mould atop of it and curing with UV. Thin glass slides with drilled inlets 
and outlets are used as covers. Then, thermal hardening and connecting nano-ports that allows 
connection to tubes gives us the complete system for our experimental work. 
  
2.2.1 Designs 
 
We have made designs of new patterns for fabricating microfluidic devices mimicking 
membrane filtration processes and to experimentally investigate the fouling phenomena at pore 
scale (Figure 2.1). The microfluidic devices are designed by using CleWin 4 software. The 
design consisted of microchannels with different geometries: straight parallel channels (DS), 
straight parallel channels with different lengths (DV), channels with staggered square pillars 
(DA), channels with staggered polygon pillars (DP), and straight channels with tilted entrances 
(DT). These devices are designed in both dead-end and cross-flow configurations with 10 µm 
and 20 µm widths (Figure 2.2). We created nomenclatures to facilitate the recognition of the 
different geometries as shown in Figure 2.1 and the descriptions to the nomenclatures are given 
in figure 2.2.  
 
Figure 2.1: Diagram of the new system design with both dead-end and cross-flow 
configurations to be engraved on the silicon wafer. 
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The different geometries are designed for a respective purpose. The microchannels with 
straight channels (DS) are used to study the dynamics of fouling at micro-level with very 
simple geometry while the staggered geometries (DA and DP) increase the tortuosity of the 
channels mimicking membrane filtration processes more realistically. The straight 
microchannels with short and long channels geometries (DV) are designed to analyse the effect 
of the channel length on the first capture of particles; more specifically, this geometry helps 
study the membrane thickness effect on the critical flux with direct observation of the 
phenomena.  
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Figure 2.2: Demonstration of the configurations and patterns of microchannels. 
The geometries with straight channels having tilted entrances (DT) are designed to study the 
effect of the pore entrance geometries on the dynamics of fouling during the initial periods of 
filtration processes. The numbers after the letters indicate the channel widths, i.e., 10 is for 10 
µm and 20 for 20 µm. 
These microfluidic devices consist of a main channel (1.7 mm wide) followed by an array of 
microchannels at the middle. The converging and diverging sections of the main channel are 
designed to homogenize the suspension before flowing through the microchannels. The 
filtering part of the device consisted in parallel arrangement of 29 microchannels.  The length 
of the microchannels ranges from 170 to 200 µm depending on the channel geometry. The 
depth for all the microchannels and the main channel upstream and downstream of the 
microchannels is 50 µm. The pillars or support bars are 50 µm wide. Thus, the distance between 
centres of two consecutive microchannels is 60 and 70 µm for the 10 and 20 µm wide 
microchannels, respectively. A partial view of the microsystem is shown in Figure 2.2 below 
where both dead-end and cross-flow modes are demonstrated. The insets show the patterns of 
the microchannels in both flow modes. 
 
2.2.2 Fabrication 
 
Microfluidic devices mimicking membranes with a network of microchannels are fabricated 
with both NOA61 and OSTEmerX 322 crystal clear polymer by soft lithography and replica 
moulding techniques [2]. Such devices allow realizing separation of microparticles with real 
time visualization at pore scale through an optical microscope. 
Both NOA 61 and OSTEmerX 322 are clear photopolymers that cure when exposed to 
ultraviolet light. NOA61 is a one part system which eliminates premixing, drying or heat curing 
operations common to other adhesive systems. OSTEmerX 322 crystal clear is a two 
component system with the addition of epoxies along with thiols and allyls. It has a high 
bonding strength, surface modification protocols and is natively hydrophilic. For both 
polymers, curing time is remarkably fast, and is dependent upon the thickness applied and the 
amount of ultraviolet light energy available. NOA61 and OSTEmerX 322 have low shrinkage 
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and high flexibility that make them advantageous for optical bonding. These characteristics are 
important in order for the user to produce high quality optics and achieve long term 
performance under changing environments.  
Photolithography process is used to produce chrome mask with prints of the design. The 
chrome mask is used as a photomask in contact photolithography to produce a negative relief 
of SU-8 photoresist on a 4 inch silicon wafer after development, which is used for replicating 
the microchannels with PDMS. These processes are carried out in LAAS (RTB platform, 
LAAS, Toulouse, France). For preparing the PDMS mould, the two components of PDMS (the 
base and the curing agent) are thoroughly mixed in a 10:1 weight ratio (i.e., 10 mg of base with 
1 mg of curing agent) [2] to make sure that the curing agent is uniformly distributed before 
pouring onto the SU-8 mould. The mixture, filled with air bubbles created during the mixing, 
is degassed for an hour using a desiccator to make the trapped air bubbles escape before curing. 
The PDMS is then poured onto the SU-8 mould and degassed again for half an hour to remove 
the bubbles created during the pouring and cured at 80oC for an hour. After cooling down to 
atmospheric temperature, the PDMS mould is carefully peeled-off from the SU-8 mould and 
is used for replicating the patterns with NOA61 and OSTEmerX 322 crystal on a glass slide. 
The fabrication processes using the two polymeric materials is similar. The only difference is 
that the components of OSTEmerX 322 have to be mixed in a 1:0.87 weight ratio (i.e., 1 mg 
of component A with 0.87 mg of component B) and degassed for about 15 minutes to avoid 
air bubbles. OSTEmerX 322 crystal is a Thiol-ene-epoxy and after first cures (thiol-ene 
reaction), it will have unreacted thiols and epoxy groups on the surface. These will react during 
the second thermal cure (thiol-epoxy) and make it stiff and the epoxy reacts to bond with most 
surfaces. 
For replicating the patterns, a thin layer of the polymer is first formed on the glass slide and 
the PDMS mould is placed atop of it and exposed to UV. We have found that the optimum 
curing times by UV for NOA61 and OSTEmerX crystal are 7 seconds and 5 seconds, 
respectively. Longer curing times cause more solidification and less effective bonding with the 
cover. On the other hand, short curing time make the pillars less stiff may be deformed while 
manually bonding with the cover affecting the desired dimensions of the microchannels. The 
PDMS mould is then carefully peeled-off and this replicates the microchannel patterns from 
Development of New Microfluidic Devices from Fouling Analysis 
at Pore Scale to Fractionation Chips  
 
49 
 
Chapter 2 
the PDMS mould to the polymer layer on the glass slide and gives the three sides of the 
microchannels. To complete the process, a glass cover, with drilled inlet and outlet, is aligned 
and pressed manually to bond it with the polymer layer. The NoA61 chips are exposed to heat 
at 60oC for two hours to strengthen the bonding between the glass cover and the resin layer. 
For OSTEmerX 322 crystal chips, the thermal bonding or hardening takes place at higher 
temperature (100oC for 1 hour). Microports (connectors) are glued on the inlet and outlet of 
the main channel to which tubes (1581 PEEK tubing, 1/32״ OD, 0.010״ ID, Fluigent) are 
connected and this gives the complete microfluidic device used for the filtration experiment. 
The fabrication processes of the microfluidic devices using the polymeric materials on a glass 
slide are demonstrated in detail in Figure 2.3 starting from the designing to the final complete 
chip system. These systems allow us to have side view of the pore clogging and the cake 
formation phenomena by using digital video microscopy and hence to investigate a large 
number of clogging events simultaneously.  
 
 
Figure 2.3: Fabrication procedure of microfluidic devices from PDMS mould with Soft 
Lithographic and replica moulding techniques using polymeric materials (NOA61 and 
OSTEmerX 322 crystal).  
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 2.3 Silicon Chips Fabrication 
 
The silicon chips described below are fabricated in MESA+ nano lab at University of Twente, 
The Netherlands. The following subsections present the different designs made for different 
goals and the fabrication processes. 
 
2.3.1 Designs  
 
The silicon microfluidic devices are designed, likewise to the polymeric chips, by using 
CleWin 4 software. Different designs are made based on the purpose of the final use: chips 
designed for studying the bacterial streamer formation (section 2.3.1.1); chips for 
hydrodynamic fractionation of particles (section 2.3.1.2); and chips for analysing the unfolding 
characteristics of proteins and the mechanism of single bacterium transport through a channel 
(section 2.3 1.3). These chips differ in their channel sizes, the complexity of their geometries, 
and their fabrication processes. The sizes of the chips designed for conventional filtration and 
fractionation experiments are in the range of few microns while the chips for molecular probing 
of proteins and bacterium transport are in nanometres range. 
 
2.3.1.1 Chips for Conventional Filtration Experiments 
 
These are dead-end and cross flow chips mimicking the classical membrane filtration 
processes. They are designed to study the fouling dynamics of particles (mainly biological 
‘particles’ like bacteria) at micro-scale. In the last few decades, there have been numerous 
studies on the flow behaviours of bacteria. Some of these studies reported that bacteria form 
streamers (filamentous structures moving in a fluid flow) during flow through constrictions. 
  
Very few of these studies mentioned some of the factors leading to the streamers formation. 
They reported that the extracellular polymeric substances (EPS) play an important role in the 
streamer formation. The synthesis of these materials is largely affected by the bacterial 
cultivation conditions. Thus, these chips are specifically designed (Figure 2.4) to study the 
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dynamics of the streamer formation and the effects of the bacterial cultivation conditions on 
the streamers formation by changing the type of substrate (mainly the carbon to nitrogen ratio 
in the substrate). Furthermore, these chips are used to analyse the effect of mixing bacteria with 
hard particles on the dynamics of clogging. The widths of the microchannels of the chips range 
from 2 µm to 20 µm while the height is about 20 µm.  
 
 
Figure 2.4: Chips designs for filtration experiments mimicking membrane processes for 
studying bacterial streamer formation phenomena. 
 
Some of the cross-flow chips are designed for successive filtration of particles in two stages. 
These chips are also used in pseudo-cross-flow mode by closing two of the outlets based on 
the need. The microchannels (the separation section) of the dead-end chips have different 
geometries. The nomenclatures and the geometries are the same as the chips designed for 
fabrication using polymeric materials (presented above). The need to do these designs for 
fabrication using silicon is because of the small sizes of the microchannels intended to 
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approach the size of the bacteria (about a micron). All the cross-flow chips have simple 
microchannel geometries (i.e., straight channels).  
2.3.1.2 Chips for Fractionation 
 
Size fractionation of particles is an important process in various research fields and industrial 
productions. There have been a number of studies on particle fractionation [7-11]. These 
methods have their own disadvantages such as requirement of external fields, long time 
requirement, the separation being batch process, and the complex set up, depending on the type 
of separation technique used. Using microfluidic filter devices for fractionation provides 
numerous advantages such us fast processing, high sensitivity and spatial resolution, and low 
cost. Yamada et al. [12] fabricated a microfluidic separator with the novel concept of pinched 
flow fractionation for particle sorting based on laminar flow characteristics and realized the 
continuous separation of the mixture of poly (styrene/divinylbenzene) beads, with diameters 
of 15 and 30 microns, respectively. However, this method may not give the desired degree of 
separation as the efficiency depends on the position of the particles in the streamlines of the 
effluent from the pinched segment.  
Thus, we make designs for new, simple, and continuous microfluidic method for the size 
fractionation of particles (Figure 2.5 below). The first types of these designs combine the 
aspects of both cross-flow and dead-end flow filtrations in specific microchannel configuration 
(either single stage or with cascades) without applying any external field (the chips with DS 
nomenclature in Figure 2.5). The separation sections of these chips are aligned at an angle to 
the horizontal. Two angles of alignment are implemented in the designs (30o and 60o) to 
compare the performance difference and the effect on the critical flux. These chips are designed 
for fractionation experiments in sub-critical conditions to avoid the accumulation of particles 
on the upstream side of the microfilters by sweeping out them through the side outlets. This is 
accomplished by controlling the pressures at each side outlets and at the permeate outlet. The 
details of the microchannels arrangements for both single stages and cascades are demonstrated 
in Figure 2.6 below. The principle of the fractionation with these chips with cascades is that 
the suspension is introduced continuously into the first stage of fractionation by the first row 
of the microchannels. At this stage, the particles with diameters larger than the channel width 
are swept out through the side outlets and collected separately while smaller particles pass 
Development of New Microfluidic Devices from Fouling Analysis 
at Pore Scale to Fractionation Chips  
 
53 
 
Chapter 2 
through the microchannels and proceed to the next level of fractionation (Figure 2.6c). The 
same separation mechanism takes place in the next stages and particles with different sizes are 
collected at different outlets. These microfluidic devices can be used for accurate size 
fractionation of different types of particles such as polymer beads, ceramics, cells, and 
pharmaceutical emulsions.  
 
 
Figure 2.5: Chip designs for fractionation of particles. 
 
The second types of designs start with cross-flow separation and fractionation takes place in 
the next stage where small particles are collected at the side outlets with control of the pressures 
at the three outlets (Figure 2.7a). The third types of designs are cascades of cross-flow filtration 
separations at different stages (Figure 2.7b).  
Generally, all these microfluidic filters are designed to avoid fouling while precisely 
fractionating particles based on their size by applying the critical flux concept and changing 
the surface chemistry and the hydrodynamics. Thus, we will present the preliminary results in 
section 2.4 showing the effects of the different configurations on the fractionation efficiency 
and the effects of the solution chemistry on the critical flux by varying the ionic strength with 
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addition of different concentrations of KCl using single stage fractionation devices. We were 
not able to do fractionation experiments using the designs with cascades due to shortage of 
time. The preliminary results from single stage fractionation chips suggest that separations can 
be performed at higher critical flux values compared to the classical dead-end and cross-flow 
separations. 
        
 
Figure 2.6: Demonstration of the configurations of chips for single stage fractionation (a and 
b) and cascades (c).  
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Figure 2.7: Configurations of chips designed for fractionation by cascading cross-flow 
separation mechanisms. 
 
 
2.3.1.3 Chips for Molecular Probing of Proteins and Bacterium Transport 
 
The stability of the native structure of a protein (coil) is determined by the thermodynamic 
balance in the system that consists of the protein and water molecules and this structure is 
unfolded by various perturbations such as the addition of chemicals, the change in temperature 
or pH, and by application of high pressure [13]. Proteins get denatured when they are 
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pressurized to flow through small constrictions. There is no detailed analysis on the mechanism 
of the unfolding of the structure which leads to protein denaturation.  
 
 
Figure 2.8: Chip designs for molecular probing of proteins and analysing the transport of 
single bacterium through a channel. 
 
 
Microfluidic devices can be used to analyze this unfolding of proteins with nano-scale pore 
sizes [14].  Microfluidic devices with sizes of about 80 nm have been designed for this purpose 
(Figure 2.8). This size of channels may not be small enough to study the unfolding of proteins 
but the surface of the chips can be modified such that the protein molecules stick and stretch 
by the flow. These chips are aimed for the analysis of bacterium transport through a channel. 
Figure 2.9 shows the chip design and the dimensions of the nanochannels where the analysis 
is to be made. We did not have time to perform the intended experiments with these chips but 
we believe that they can be used to make progress in the mentioned research areas. 
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Figure 2.9: (a) Demonstration of the chip design for molecular probing of proteins and 
analysing the transport of single bacterium through a channel. The inset image shows the top 
view and dimensions of the nanochannels. (b) Schematic of the dimensions of the 
nanochannels from the side view.  
 
 
2.3.2 Fabrication 
 
Microfabrication processes based on silicon are carried out in high class cleanrooms (typical 
classes are from 1000 to 10000) with necessity to wear specialized clothing to cover hair and 
to put on gloves and shoecovers to preserve the cleanliness of the room; this avoids adsorption 
of particles onto channel surfaces. Our silicon microfluidic devices are fabricated in MESA+ 
nano lab at University of Twente, The Netherlands, during my first mobility from January to 
June, 2014. The two well developed fabrication processes (i.e., dry etching and wet etching) 
are used based on the size of the channels of interest. Chips with micrometric scale are 
fabricated by Dry Reactive-Ion Etching (DRIE) process while the chips with nanochannels are 
fabricated by applying both DRIE and wet etching processes: DRIE is used to etch the 
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microscale channels upstream and downstream of the nanochannels and the inlets and outlets 
and wet etching is used to etch the nanochannels where the analysis takes place.  
 
2.3.2.1 DRIE Fabrication of Micrometric Chips 
 
Fabrication of silicon chips by Dry Reactive-Ion Etching process involves four main steps: 
thermal oxidation of wafers, top side processing, bottom side processing, and bonding with 
glass Borofloat BF333 wafers. Double side polished P-type silicon wafers with <110> 
orientation having 380±10 µm thickness and 100 mm diameter are used to fabricate the 
microfluidic devices. These wafer types are selected for their thickness and they are double 
side polished which enables us processing from both sides.  
 
Thermal oxidation of wafers 
The silicon wafers are first oxidized by wet oxidation process in a furnace at 1150oC for about 
2 hours to form oxide layer (SiO2) for fabricating micron sized channels. This step is necessary 
because the oxide layer is used as a mask during dry etching of the silicon. Prior to wet 
oxidation, standard wafer cleaning (or prefurnace cleaning with HNO3) is performed which 
involves cleaning with 99% HNO3 in two beakers 5 minutes each at room temperature, 
cleaning with 69% HNO3 at 95oC for 10 minutes, and drying at 2500 rpm for 1 min with rinsing 
in between each process. Then, the wafers are cleaned and dehydrated with oxygen plasma for 
5 minutes.  
 
Top side processing 
Top side processing of silicon wafers mainly involves developing positive resist mask and 
DRIE etching of SiO2 and silicon to engrave the designs on the wafers. Positive photoresist 
Olin Oir 907/17 is used as temporary mask to protect areas besides the channels during dry 
etching of SiO2 and silicon. The photoresist is spin-coated at 4000 rpm for 30 seconds giving 
final resist thickness of 1.7 µm. A vacuum chuck holds the wafer during the spin-coating 
process. However, resists, especially positive photoresists, do not have the optimum adhesion 
on silicon wafers. Thus, the wafers are spin-coated with vapour hexamethyldisilazane (HMDS) 
primer prior to coating the photoresist to enhance the adhesion between the photoresist and the 
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oxide layer. HMDS reacts with surface hydroxyl groups to form trimethylsiloxane which 
improves the adhesion between the oxide layer and the resist. After spin-coating, the wafers 
are prebaked at 95oC for 1 minute on a contact hotplate to remove solvents and to promote 
adhesion of the resist layer. Two lithographic masks produced by laser beam lithography 
technique are used to generate the desired patterns of the microchannels and the inlets and 
outlets on the resist-coated wafers. The wafers are aligned and exposed using the Electronic 
Vision Group (EV620) mask aligner for 4 seconds in contact mode. The exposure involves 
photochemical reaction which weakens by rupture or scission of the main and side polymer 
chains on the channels to be etched. This makes the polymer more soluble in the developer. 
Then, development of the wafers takes place in OPD 4262 (tetramethylammonium hydroxide 
- metal ion free type developer) for 1 minute. The wafers are rinsed in deionized water, spin 
dried at 2500 rpm for 1 min, and baked on a contact hotplate at 120oC for 10 minutes.  
The channels are then engraved on the wafers by DRIE etching of the oxide layer and the 
silicon with Adixen AMS 100 SE. The etching rate for the oxide layer is 0.222µm/min and for 
the silicon is 6µm/min. C4F8, He, and CH4 are used for etching the oxide layer while SF6 and 
O2 are used for etching the silicon to have the patterns on the silicon wafers. Dektak 8 
profilometer is used for the surface profile measurement to measure the depth after etching. 
Then, the photoresist is stripped by using oxygen plasma for 30 minutes.  
 
Bottom side processing 
The inlets and outlets of the chips are etched with Adixen AMS 100 SE by DRIE process. The 
photolithography processes used during the top side processing (i.e., vapour prime HMDS 
coating, photoresist coating, alignment and exposure, development, rinsing, and drying) are 
performed here too in the same approach. In this case, Olin Oir 908/35 positive photoresist is 
used here giving a thickness of 3.5 µm after spin-coating at 2000 rpm for 3 minutes. 
  
The wafers are then aligned and exposed using the EV620 mask aligner for 12 seconds in 
contact mode. Dupont MX 5020 foil is applied to the top side of the wafers with a roller for 
protection before etching the inlets and outlets from the bottom side. Similar to the tope side 
etching of the channels, the oxide layer and the silicon are etched by DRIE process to make 
the inlets and outlets. Then, the photoresist is stripped by oxygen plasma. 
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Figure 2.10: Process outline of silicon wafer DRIE processing for fabrication of silicon chips 
with Borofloat BF33 glass wafer cover. 
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Some holes, especially those near to the edges of the wafers, are not sometimes completely 
etched through; thus, we manually pierced them. The wafers are cleaned in ultrasonic bath and 
piranha solution (mixture of H2SO4 and H2O2 3:1 vol%) in order to remove particles generated 
during the piercing process. The wafers are then rinsed with deionised water and spin dried at 
2500 rpm for 1 minute. Prefurnace cleaning and removing of fluorocarbons and SiO2 are 
performed. Dry oxidation of silicon is performed at 800oC in a furnace to remove the 
fluorocarbons deposited on the side walls during the dry etching process. Etching in buffered 
hydrofluoric acid solution (BHF 1:7 by volume, i.e., 1 volume of hydrofluoric acid with 6 
volumes of ammonium fluoride, NH4F) is used to remove the oxide layer.      
 
Figure 2.11: Demonstration of the assembly of the chips in a chip holder which has inlets and 
outlets for connection to nano-ports and tubes. 
 
 
Bonding and dicing 
Both silicon and glass Borofloat BF33 are cleaned with 99% HNO3 for 10 minutes and dried 
before the bonding process. UV dicing foil is applied at the back side of silicon wafer to avoid 
water getting into the channels via the inlets and outlets. Anodic bonding process is used for 
the bonding of the silicon wafer on which the microchannels are engraved with the Borofloat 
glass wafer after manually aligning and prebonding. The bonding takes place at 400oC in 
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vacuum at high voltage (1000 Volt). This temperature is low enough to prevent plastic 
deformation of the glass wafer and thereby possible closing of the channels. After anodic 
bonding process, dicing is performed using Disco-DAD dicing saw to get individual chips from 
the wafers. The process outline for fabricating silicon chips with micrometric channel sizes is 
shown in Figure 2.10 above. For use in filtration experiments, the chips are assembled in a chip 
holder which has inlets and outlets to which nano-ports and tubes are connected (Figure 2.11 
above). The process document for fabrication of microchannels can be found in Annex A. 
 
2.3.2.2 Wet Etching of Nanometric Chips 
 
Wet etching process is used to make the nanochannels shown in the inset image of Figure 2.9a 
above. The channels upstream and downstream of the nanochannels and the inlets and outlets 
are etched by using the DRIE process described above. Before wet etching of the nanochannels, 
the wafers undergo ozone cleaning (ultraclean line) and 1% HF etching for 1 min to remove 
the oxide layer that forms on silicon wafer surface instantaneously as soon as it exposed to the 
environment in the cleanroom. Hot HNO3 cleaning is used to form native oxide layer of 1.5 
nm thickness. Then, the photolithography processes are performed (priming, resist coating, 
alignment and exposure, development, rinsing, and drying) as described above in the DRIE 
process. 1% HF is used to etch the oxide layer until the surface becomes hydrophobic by visual 
inspection (mostly it takes about 1 min to etch the 1.5 nm oxide layer). Silicon is etched in 
OPD 4262 to engrave the nanochannels on the silicon wafers. At 25oC, the etching rate is 
3.8nm/min and it takes about 21 minutes to get 80 nm deep channels. The same processes as 
described in the DRIE fabrication process above are used for bonding of the silicon and glass 
wafers and dicing of the chips. The process document for fabrication of chips with 
nanochannels can be found in Annex B. 
 
 2.4 Preliminary Results of Fractionation Experiments 
 
It is well known that in many fields of science and engineering, separation, sorting, and 
concentration of particles are important processes. As described in section 2.3.1.2, performing 
these processes in microfluidic devices in continuous mode provides a number of advantages 
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such as continuous sample injection, continuous product collection, and real-time monitoring 
of the process. These advantages make continuous microfluidic separation of particles ideal 
for integration with upstream and downstream processes. More interestingly, the possibility to 
have real-time visualization enables us to have on-line feedback and continuous monitoring of 
these processes.  
A number of microfluidic strategies/methodologies have been developed in the near past to 
systematically fractionate particles based on their properties such as size, charge, magnetic 
properties etc. Mainly three sets of methods have been reported so far [7-11, 15]. The first sets 
of methods are hydrodynamic separation of particles based on their sizes [15]. The main 
parameters controlling separation of particles in these methods are the design of the channels 
used and the flow rate during separation. These are generally laminar flow regime separation 
methods. The main disadvantage of these methods is that separation level (or efficiency) relies 
on the alignment of particles in specific streamlines and the separation resolution may not be 
satisfactory. The second sets of methods are separations based on charge or charge to size ratio 
involving electric fields [15]. These methods are generally based on generation of high electric 
field, pH gradient, or inhomogeneous electric field across the separation chamber. The main 
disadvantage in these strategies is that all these separation methods require generation of high 
force field across the separation channels. Furthermore, this force field may damage the 
material we are processing, for example, while processing biological materials. The third types 
of fractionation methods are based on magnetic properties of particles [15]. The disadvantage 
in these methods is that they require generation of magnetic field across the separation 
channels, and often they require labelling for non-magnetic materials. 
All of these fractionation methods are compared based on their performance in terms of 
throughput, resolution (separation level), simplicity of the separation process, and need of 
labelling. All the above strategies have drawbacks in at least one or more of these performance 
parameters. Thus, we have developed simple microfluidic devices for hydrodynamic based 
fractionation of particles maximising the throughput and the resolution as described in section 
2.3.1.2 above. To fulfil our goals, we use the advantages of the classical separation modes of 
membrane processes (i.e., dead-end flow and cross-flow). These advantages include the steady 
state nature of cross-flow filtration, the high throughput and resolution of dead-end flow 
filtration, and the simplicity of the processes in both cases. We use specific configuration of 
 Development of New Microfluidic Devices from Fouling  
Analysis at Pore Scale to Fractionation Chips  
 
 
 
 
Chapter 2 
microchannels for continuous fractionation of particles without applying any external field. 
These chips are mainly developed for operation under critical conditions. 
In this section, we present the preliminary experimental results on comparison of the different 
chips developed (section 2.3.1.2) by the determination of the critical flux – the flux value below 
which there is no fouling of a separation unit. Monodisperse polystyrene latex particles (2.3 
µm diameter) are used for our experimental work. The effects of the electrostatic interactions 
(the presence of attraction and repulsion between particles because of their surface properties 
and the suspending medium properties) on the separation conditions (or more specifically the 
critical flux) are taken into account by adding electrolyte (KCl). Three different ionic strengths 
are used: 0.01 mM, 10 mM, and 100 mM. Thus, we are mainly focussing on the configuration 
of microchannels, flow, and interaction. Comparison is made for the three different geometries 
shown in Figure 2.12 below. This is for comparison purpose of our specific designs (Figure 
2.12 b and c) with the classical cross-flow filtration (Figure 2.12a). The experimental setup for 
this work is shown in Figure 2.13.  
 
 
Figure 2.12: Configuration of chips for comparison by critical flux determination. (a) cross-
flow (C5); (b) aligned chips at 60o (F5/60); (c) aligned chips at 30o (F5/30). F denotes 
fractionation and 5 is the width of the channels. 
 
 
The critical flux is determined by pressure (or flux) stepping technique. This is performed by 
starting separation experiments at low initial flux and then slowly increasing the flux until 
fouling occurs which affects flow within the system. This is demonstrated in Figure 2.14 
below. Microfluidic Flow Control System (MFCS) and Fluiwell (from Fluigent) are used to 
control both the pressure and the flow rate during the experiments (Figure 2.13).  
The suspension is continuously injected into the device at controlled pressure. The MFCS is 
connected to external pressure source (compressed air) and regulates the pressure supply to the 
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reservoir. The suspension is pushed from the reservoir pneumatically to the flow sensors on 
the Fluiwell and then to the microfluidic device which is placed on the platform of the inverted 
microscope (Zeiss). The separation process is recorded by using highly light sensitive camera 
which is connected to a computer for image storage, data processing and results analysis. The 
dynamics of the particle separation is recorded by taking images every 10 seconds. Separation 
data (flowrate, pressure and permeate volume) are recorded every 10 seconds by using 
MAESFLO software (Fluigent) (Figure 2.13). 
 
 
Figure 2.13: Experimental setup for determination of critical flux. 
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In this specific case, the inlet pressure (PI = 30 KPa) and the side outlet pressures (PR = 
atmospheric pressure) are kept constant while the permeate outlet pressure (PP) is decreased 
every 10 min. This results in an increase in pressure drop at the filtration section (PO) which in 
turn increases the flux through it. We started at PP = 14.5 KPa and decreased its value by 500 
Pa. Thus, the first pressure drop in the microchannels is 16.5 KPa (i.e., 30-14.5 = 16.5 KPa) as 
can be seen in Figure 2.14. The pressure drop in main channels upstream and downstream of 
the microchannels is negligible compared to the pressure drop in the microchannels which has 
been proved by calculating the hydraulic resistances. Similar approach is applied to evaluate 
the critical flux for the different geometries in this work. While performing critical flux 
determination experiments, it is necessary to ensure that the system reaches steady state for 
each step before increasing the flux to higher value.  
 
Figure 2.14: Demonstration of pressure drop (or flux) stepping experiment to determine 
critical flux. 
 
 
The critical flux is then determined by comparing the particle filtration (where fouling occurs 
after a certain flux) with a water system (where no fouling occurs). The critical flux is obtained 
at the point where the two systems behave differently. This is demonstrated in Figure 2.15 
Development of New Microfluidic Devices from Fouling Analysis 
at Pore Scale to Fractionation Chips  
 
67 
 
Chapter 2 
where the critical flux for the suspension with 10 mM ionic strength is determined for F5/30 
system. Table 1 below shows below shows the results of the critical fluxes for the different 
geometries considered in this work at different ionic strengths.  As can be seen from the results, 
the specifically designed chips with aligned arrangement of microchannels (F5/60 and F/30) 
exhibit better performance in terms of the critical flux compared to the classical cross-flow 
systems (C5) in all ranges of the ionic strengths used in our experiments. It is well known that 
the presence of ‘sweeping effect’ by tangential friction force in cross-flow systems reduce 
particle deposition.  
 
Table 1: Critical fluxes for the different channel configurations at different ionic strengths 
Critical Flux (m/s) KCl Concentrations (mM) 
Configuration 0.01 10 100 
C5 0.017 0.010 0.007 
F5/60 0.027 0.125 0.015 
F5/30 0.068 0.135 0.032 
 
The higher critical fluxes exhibited by the aligned chip systems suggests that these chip 
configurations provide higher tangential frictional force for the same permeate flux. The F5/30 
chips give the highest critical flux in all ionic strength ranges. According to the DLVO theory, 
increasing the ionic strength reduces the electrostatic repulsion between the particles and the 
particles and the wall of the channels. Comparison of the critical fluxes based on the ionic 
strength shows that the highest fluxes are obtained at intermediate ionic strength (10 mM). This 
could be due to the effect of the secondary energy minimum attraction between the particles 
and the wall that enable particles to glide down the channels when sufficient drag force is 
applied by the flow. This apparent translation of particles along the channels induces a delay 
in fouling of the system. At high ionic strength, the particles are deposited in the primary 
minima and this reduces the critical flux inducing rapid fouling of the system. 
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Figure 2.15: Critical flux determination for F5/30 system with 10 mM ionic strength 
suspension. The inset images are the observations at the start, close to the deviation point 
between the two systems (water and suspension), and at large deviation. 
 
Fractionation chips with cascades have been developed aiming for accurate separation of 
particles based on their size, as shown in Figure 2.6c. We were not able to do these sorts of 
experiments due to time shortage. The preliminary results reported in this section provide a 
firm base for the applicability of these strategies on the separation of broadly distributed 
particles by size without applying any external field. It can be noted here that the chips with 
specific configurations (Figure 2.6) give considerably higher critical fluxes compared to the 
classical filtration methods. Thus, it is expected that high performance separations of particles 
can be performed by using the cascade chips. For example, by considering the chip design 
demonstrated in Figure 2.6c, it could be possible to separate particles with sizes of 30, 15, 5, 
and 1µm by operating under critical conditions by controlling the pressures in each outlet. The 
30 micron particles will be collected in the first side outlets, the 15 microns in the second side 
outlets, the 5 microns in the third side outlets, and the 1 micron particles in the permeate outlet. 
Thus, we recommend doing these experiments using these cascade chips. This will provide 
some fundamental bases on the possible industrial application of these strategies.  
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 2.5 Summary 
 
Simple microfluidic devices have been developed aiming to progress in the analysis of the 
scientific challenges involved in separation processes. Chips with different configurations and 
microchannel geometries ranging from microscale to nanoscale in their channel widths have 
been developed for different purposes. We applied the well-established techniques for 
fabrication of these chips from both polymeric materials and silicon wafers. Soft lithography 
and replica moulding techniques are used to fabricate chips from NOA61 and OSTEmerX 322 
crystal clear polymer with widths of 10 µm and 20 µm and uniform depth of 50 µm. These 
chips are mainly developed for the analysis of clogging dynamics at pore scale during filtration 
of microparticles. The well-developed silicon technology is used to fabricate chips with smaller 
channels ranging from nanometric to micrometric depths and micrometric widths. These chips 
are aimed to be used for the analysis of bacterial streamer formation phenomena during 
filtration of microorganisms through microchannels and for the analysis of the unfolding 
characteristics of proteins. Chips with special configurations have been developed in effort to 
maximize the performance of fractionation processes of particles based on their sizes. These 
chips have been developed by considering the benefits of the classical filtration process: dead-
end and cross-flow filtration processes. The preliminary results presented in this chapter show 
that these chips exhibit much better performance compared to the classical cross-flow filtration 
process which normally shows lower fouling compared to dead-end flow systems. Chips with 
lower alignment angle (i.e., F5/30) give the highest critical flux (0.135 m/s). Furthermore, the 
electrostatic interactions play important role in the critical conditions. The highest critical 
fluxes are obtained at intermediate ionic strength probably due to the role of the secondary 
energy minimum causing the particles to translate along the channels. The critical fluxes 
reported here are largely significant to be considered for commercial applications for 
hydrodynamic sorting of particles based on their sizes without applying any external force 
field. 
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Pore Clogging and Deposit Expulsion Dynamics 
during Microfluidic Filtration of Particles 
 
Clearly label i.e. Table 1 or Figure 3.1 (no full stop 
3.1 Introduction 
 
Membrane separation of micron-sized particles from an aqueous solution is usually 
encumbered with fouling problem - the major challenge in separation processes causing long-
term loss in throughput capacity and reduction in membrane performance. A lot of studies have 
then been performed to have a better understanding of the causes and the consequences of 
clogging for different discrete objects in different application fields covering systems of very 
different nature and spectrum (colloidal or micro-particles dispersions for transport in soil, in 
blood vessels or in filtration processes; granular materials for flow interruptions in silos; person 
or animal for panic disorder; vehicles for traffic jam etc.). These investigations are based on 
the global variation of operating conditions such as the filtrate flux and the pressure drop on 
the whole membrane surface. Some researchers showed in their experimental and theoretical 
works that local structure of membrane influences the fouling phenomena emphasizing the 
necessity of pore scale investigation of the foulant accumulation mechanism [1-22]. In general, 
clogging occurs when an important number of discrete units pass through a constriction, i.e., 
competition of too many units for little space.  The development of clogs obstructing the 
bottleneck can lead to intermittent flow [23] and to a partial or a complete blocking of the flow. 
This dynamic arrest or jamming, which is linked to intriguing rheological properties, occurs in 
a wide range of applications such as ceramic production, food processing, waste management, 
pharmaceuticals, cosmetics, medicine etc.  
Clogging can be understood as a transition between different flow regimes [24] and then linked 
to jamming phenomena [25]; the jamming being defined as the conversion of a liquid system 
into a solid by imposed stress [26]. Different parameters can induce the unclogged/clogged 
states: the driving force (flow velocity), the constriction geometry (particle/constriction size 
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ratio), and the background noise (i.e., Brownian motion, external excitation etc.) [24]. The 
liquid/solid transition appears when a unidirectional load is applied on a concentrated 
dispersion of particles [25] leading to the formation of force chains between particles forming 
a solid clog at the constriction level. When formed, the clog is considered as a ″fragile matter″ 
[25-26]. The fragility of a clog depends on how the system came to be jammed (i.e., the 
″construction history″) [25]. These authors also defined the concept of “bulk fragility” or 
“boundary fragility” to explain the way clogs can be liquefied under stresses. For example, if 
a force different to the unidirectional load leading to the clog formation is imposed at the base 
of the clog (i.e., the bond between the clog and the wall), it is certain that boundary fragility 
will occur: the boundary bonds will be broken leading to clog fragility.  
Clogging has also been linked to a shear-induced gelation [27]. The shear stress, when large 
enough, leads the particles to overcome the interaction barrier forming viscous non-Newtonian 
clusters that can occupy the available space. The interconnection of these clusters leads to the 
formation of solid-like gel with specific structure. This gelation process initiates from fractal 
clusters formed through diffusion-limited aggregation and reaction-limited aggregation 
mechanisms. The clogging is then described as a percolation transition which is also observed 
for granular materials [28]: the interconnection of clusters when they become crowded leads 
to clogging or jamming. The solid-like transition of stabilized colloidal dispersion has been 
observed and discussed with a gelation approach when imposing an intense shear by forcing it 
to pass through microchannels [29]. This gelation process initiates from fractal clusters formed 
through diffusion-limited aggregation and reaction-limited aggregation mechanisms. The 
solid-like transition results from the interconnection of the fractal clusters when they grow and 
fill the entire available space. The key events involved in such gelation processes are the 
aggregation and the breakage of clusters. A breakage number (a dimensionless number that 
represents the ratio between the shearing energy acting on particles to the energy required to 
breakup an inter-particle bond) has been introduced to define hydrodynamic conditions within 
microchannels where the shear rate is large enough to lead to clusters breakage [29]. This 
regime has been previously reported as being linked to a critical Péclet number that account 
for the maximum potential barrier and the type of flow [30]. Such critical Péclet numbers are 
very close to the one defined for the aggregation occurring on a membrane [31]: below the 
critical value, the aggregation can only take place by Brownian diffusion and then is very slow 
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because of the repulsive potential barrier whereas above the critical value the hydrodynamic 
force can overcome the potential barrier and then leads to the aggregation (but also possibly to 
the aggregate breakage). The gelation approach of clogging using the Smoluchoski equation 
framework [27] shows a lot of similarities with the mechanical approach of jamming based on 
force chains [25] and both approaches underline the ″soft aspect″ of the clogs and the control 
of the clogging dynamics by their fragility. Numerical studies revealed that particle deposition 
during filtration of colloidal suspensions is controlled by hydrodynamic conditions, fluid 
properties (ionic strength) as well as particle and substrate surface properties [17, 32-34]. 
However, these theoretical studies did not account for the possibility of particle re-entrainment 
that seems to be an important event from the experimental studies.    
Thus, in order to progress towards a better understanding and description of fouling 
mechanisms, it is necessary to have direct access to experimental information at pore scale. 
Developing an in-situ quantification mechanism of the physico-chemical interactions 
occurring during filtration enables us to directly visualize the micro-pore fouling phenomena. 
This has been made possible by using microfluidic devices which have potential future 
industrial applications due to new progresses in the micro-device fabrication technology. 
Microfluidic devices enable us to make direct transverse observation (as schematized in figure 
3.1) of the complex interplay between different factors at pore scale in filtration processes 
which allows us to have better understanding of the phenomena in membrane filtration [35]. 
Bacchin et al. (2011) [10] analysed the separation of particles from a liquid by considering a 
single particle approaching a porous surface driven by hydrodynamic effect. They defined the 
critical permeation flux - permeate flux below which no particle deposition occurs as the drag 
force on the particle is balanced by or is not high enough to overcome the repulsion between 
the particle and the porous surface. However, in industrial filtration processes, one deals with 
multiple particles which accumulate at the membrane surface. In this case, a particle is not only 
interacting with the membrane but also with neighbouring particles which results in multi-body 
interactions (figure 3.1) accounted by the collective diffusion coefficient [36]. 
Complete channel clogging due to particle deposition from suspensions of colloidal and 
micron-sized particles has been investigated in phenomenological studies (1, 10-12, 37-39]. 
Stoeber and co-workers (2001) [37] investigated the flow of dilute suspensions of polystyrene 
particles through circular cross-section silicon channels and developed empirical relationship 
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between particle concentration, flow rate, the mean diameters of the particles, and the channel 
size. They also investigated the effect of particle size distribution on the dynamics of channel 
blockage in microfluidic systems [39]. Clogging of microsystem can occur through successive 
particle deposition, particle size exclusion, or through a combination of these effects depending 
on the particle size distribution and the channel size to particle size ratio [39].  Wyss et al. 
(2006) [12] determined the time for channel blockage and found that the total number of 
particles passing through a channel before complete blockage scales as (D/d)4, where D is 
channel diameter and d particle diameter.  
 
 
Figure 3.1: Simple schematic representation of the complex interplay between 
hydrodynamics and multibody surface interactions in filtration processes. 
 
 
Bacchin et al. (2011) [10] experimentally demonstrated that suspension stability has an 
important effect on particles capture during the very first instant of filtration experiments. A 
slight change in surface interaction conditions leads to very different clogging patterns. Similar 
results were obtained by Agbangla et al. (2012) [1] enlightening that higher particle 
concentration, higher flow rates, and partially screening out of the repulsion barrier reduces 
the clogging time of porous media. Sharp and Adrian (2005) [38] also observed the blockage 
of micro-tubes by arches formation revealing that the balance between hydrodynamic and 
contact forces (friction) at the surface of a micro-separator can lead to the formation of stable 
arches. The study of the dynamics of clogging with image analysis giving the temporal 
evolution of the average thickness of deposited particles also demonstrates the change from 
arches formation to a rapid cluster and deposit formation for a high volume fraction of particles 
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[1, 6].  Bacchin et al. (2014) [11] investigated the effects of channel connectivity and tortuosity 
on the particle capture in their effort to mimic more the real membrane processes by performing 
experiments using PDMS micro-devices having different geometries (straight microchannels, 
microchannels with aligned square pillars, and microchannels with staggered square pillars). 
They found that as tortuosity increases, progressive capture of particles occurs on the different 
layers of the porous media.    
In summary, the theoretical and experimental results mentioned above demonstrate the 
importance of clogging phenomena at pore scale. However, there are no sufficient studies to 
complete the description of the entire process of the fouling phenomena. In recent studies, the 
importance of dynamic events, such as arch formation and particle network collapse, have been 
discussed as a prerequisite for fouling but are still not well understood. The aim of this study 
is to investigate the frequent clogging and opening of the microchannels during filtration 
processes and to analyse the consequences of these dynamic clogging instabilities on the 
permeability fluctuations. Our experimental work gives explanation about why and how 
frequently these events are happening and to find out if these events are impacted by the 
filtration modes (constant pressure and constant flux filtration). We also examine the interplay 
between hydrodynamics and colloidal interactions from clogging analysis during microfluidics 
filtration experiments. The coupling of colloidal interactions and hydrodynamics makes the 
analysis of the clogging phenomena complex. There have been studies on separate effects of 
colloidal interaction and hydrodynamics on clogging. However, for colloidal systems under 
flow, the interplay between the two factors has a very significant role on the dynamics of the 
aggregation of particles and the breakage of aggregates controlling the clogging establishment. 
This complex interplay determines the critical flux, the permeability, and the deposit formation 
and the resulting deposit morphology during filtration of colloidal particles through 
microchannels. Clogs formed at microchannel entrances during filtration of colloidal particles 
can be broken by flow. The breakage or robustness of the clogs depends on the balance between 
the hydrodynamics and the force between the particles and the walls. The microchannel 
entrance geometry could also have effect on this clog stability. In this chapter, we analyse the 
clogging mechanisms of microchannels using dispersion of charge-stabilised polystyrene latex 
particles. We vary the ionic strength of the suspension and the flow rate in order to explore the 
effect of the coupling between the colloidal interactions and the hydrodynamics on the 
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filtration dynamics, the critical flux, the deposit morphology, and clog fragility. Dispersions 
with three well different interaction profiles are filtered through microchannels bottlenecks and 
the flow rate is varied by about two orders of magnitude. Additionally, and in order to further 
analyse the fragility of the clogs, the complexity of the geometry will be investigated by using 
two bottleneck shapes (squared and tilted angle microchannel entrances). 
 
3.2 Experimental Methods  
 
3.2.1 Microfluidic Device 
 
The experiments in this work have been performed with microfluidic devices fabricated with 
Norland Optical Adhesive (NOA) and OSTEmerX 322 crystal polymers by soft lithography 
and replica moulding techniques [40] (as described in chapter 2, section 2.2.2). Figure 3.2 
shows the microfluidic device used for the filtration experiments and the dimensions of the 
separation section. The microfluidic device consists of a main feeding channel (1.7 mm wide) 
followed by a filtering section constituted of an array of 29 parallel, narrow channels with 
widths of 10 and 20 μm. The height of the microchannels and the main channel is 50 μm. Two 
types of channel geometries are used for the experimental work in this chapter: channels with 
equal length and different length. The different length channels are used to investigate the 
effect of the length on first particle capture – to mimic membrane thickness effect analysis. 
The width of the pillars between the channels is 50 μm. Such devices allow realizing separation 
of micro-particles with real time visualization at pore scale through an optical microscope. 
Filtration experiments are performed in dead-end mode at both constant pressure and constant 
flow rate by using Microfluidic Flow Control System (MFCS) and Flowell (from Fluigent). 
The suspension is continuously injected into the device at controlled flow rate or pressure. The 
MFCS is connected to external pressure source (compressed air) and regulates the pressure 
supply to the reservoirs. The suspension is pushed from the reservoirs pneumatically to the 
flow sensors on the Flowell and then to the microfluidic device which is placed on the platform 
of an Axiolab (Zeiss) microscope. The ﬁltration process is recorded by using highly light 
sensitive camera (Pixelﬂy QE, PCQ) which is connected to a computer for image storage, data 
processing and results analysis. The exposure time for the camera was 6 milliseconds. The 
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dynamics of the particle capture and deposit formation is recorded by taking images every 10 
seconds during ﬁltration. Filtration data (flow rate, pressure and permeate volume) are recorded 
every 10 seconds by using MAESFLO software (Fluigent). The experimental setup for 
capturing images and recording the pore clogging phenomena is shown in Figure 3.3. 
 
Figure 3.2: NOA microfluidic device used for ﬁltration experiment. The inset images show 
the device design and full view of parallel array of straight microchannels. 
 
 
Figure 3.3: Experimental setup for analysing the pore clogging and deposit expulsion 
phenomena. 
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3.2.2 Particle Suspensions  
 
The suspensions used in this experimental work consisted of mono-disperse (2.3 μm and 5 in 
diameter) latex polystyrene microspheres (Invitrogen) dispersed in water. The latex particles 
are negatively charged with functional sulphate groups on the surface: the zeta potential, 
measured with a Malvern Zetasizer, is -57±5 mV at pH 7 [10]. The latex suspensions used in 
the filtration experiments are obtained by diluting the stock suspension until a volume fraction 
of 10−5 (1.5*105 particles per ml) is reached. KCl salt is used to change the ionic strength of 
the suspensions in order to study its effect on the clogging dynamics and the deposit 
morphology. The KCl concentration is varied in the range from 0.01 mM to 100 mM which 
allowed modifying the suspension stability by changing the magnitude of the repulsive 
electrostatic interaction between particles and between particles and the walls of the channels. 
These concentrations in salt are inferior to the critical concentration for coagulation (CCC) 
which is observed by sedimentation tests to be above 200 mM. Prior to experiments, the latex 
suspensions are exposed to ultrasonic waves for 3 minutes in order to break down aggregates 
of particles, if any.   
 
3.2.3 Filtration Conditions  
 
During the experiments, filtration conditions are kept in laminar flow regime and the maximum 
Reynolds number is 2.39 calculated at the maximum flow velocity (0.0835 m/s) using the 
channel hydraulic diameter as the characteristic length (the maximum shear rate at the wall 
being 66800 s-1). The range of filtration velocities used in our experiments are in the range of 
those used in membrane microfiltration (up to 0.015 m/s, based on data for a MF-Millipore 
membrane with 8 µm pore size, operated at 100 mbar). The inertial effect and the Brownian 
motion are negligible due to the low Stokes number (10-4) and the high Peclet number (105), 
respectively.  
The main classes of experiments performed in this work include constant pressure, constant 
flow rate, and flow stepping experiments. The flow stepping experiments are performed by 
running constant flow rate filtration starting from 5 µL/min and increasing the flow rate by 5 
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every 10 minutes until we reach 70 µL/min. The aim of performing the flow stepping 
experiments is to study the critical conditions of the clogging phenomena at pore scale. Based 
on the results from the flow stepping experiments, constant flow rate experiments are 
performed at three well different flow rates near the critical flux (15 µL/min), above the critical 
flux (30 µL/min), and at relatively high flow rates (70 µL/min) by varying the ionic strength 
in each case in order to study the combined effects of the hydrodynamics and the DLVO 
interaction forces on the initial stages of the microchannel clogging and the deposit 
morphology. All these constant flow rate experiments are performed with low (0.01 mM), 
moderate (10 mM), and high (100 mM) ionic strength suspensions with at least three times 
repetition for each run. Constant pressure experiments are performed at 200 mbar. This 
pressure drop is selected in order to compare the results with constant flow rate experiments 
since the flow rate with the clean system at this pressure drop is 70 µL/min.    
 
3.3 Results  
 
As discussed in the introduction, clogging during filtration of microparticles is a complex 
phenomenon implying different mechanisms. These mechanisms are interdependent and are 
controlled by an important number of parameters such as operating conditions, fluid and 
particles properties, and filter geometries. To schematize this complex phenomenon, the 
different causes and consequences are considered and represented in a cycle as shown in figure 
3.4. The drag force is the root of the phenomenon which effects the transport of the particles. 
This force is applied by the fluid on the individual particles at the entrances of the 
microchannels where a relative velocity between the particles and the fluid exists (step 1 in 
figure 3.4). The amplitude and the temporal variations of the drag force are related to the 
filtration operating conditions such as the flow rate range, constant flux filtration, constant 
pressure filtration, etc. This hydrodynamic force acts on a collection of particles at the pore 
entrances leading to hydrodynamic interactions. The hydrodynamic drag force is then 
combined to the particle-particle interactions which result from the colloidal properties of the 
particles. This coupling of the hydrodynamic and interaction forces results in collective mass 
transport of particles (step 2 in figure 3.4). This collective transport of particles in turn 
determines the particles velocities and is responsible for particle-particle or particle-wall 
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collisions. The frequency of these multibody interactions or collisions depends on the 
geometries of the microchannels while their efficiency in leading to particle capture and clog 
formation depends on the properties of the particles and the walls (step 3 in figure 3.4).  
 
Figure 3.4: The clogging dynamics cycle: 1) filtration conditions lead to drag forces on 
particles; 2) these hydrodynamic drag forces, combined with particle-particle interactions, 
control the collective transport of particles leading to collisions among them and with the walls; 
3) depending on the channel geometries, the efficient collisions can lead to the dynamics of 
particle capture and sweeping out which controls the channel clogging and deposit formation. 
If clogging occurs, it changes the filtration hydrodynamic conditions and this results in 
interdependence of all these factors.  
 
The particle adhesion and clog formation can be reversible leading to the sweeping out of 
adhered particles or the collapse of clogs and expulsion of aggregates of particles. When 
particle-wall collisions are efficient and form robust clogs, they lead to particle accumulation 
and cluster formation resulting in clogging or narrowing of some of the microchannels. This 
accumulation of particles and clogging or narrowing of microchannels modifies the 
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hydrodynamics of the filtration process. This cyclic phenomenon continues until all the 
microchannels are clogged resulting in significant permeability drop (in constant pressure drop 
filtration case) or pressure build up in the system (in constant flux filtration case). The aim of 
the experimental work in this chapter is thus to investigate several of the parameters involved 
in the clogging dynamics cycle (parameters in bold in figure 3.4). 
We will first examine the dynamics of the clogging through microscopic observations and we 
will link these observations to the dynamic permeability measurements (section 3.3.1). In 
section 3.3.2, the effects of the operating conditions (constant pressure and constant flow rate 
filtrations) are analysed. The influences of the suspension properties (ionic strength, particle 
size) on the filtration dynamics of the clogging phenomena are examined in section 3.3.3 
together with the critical flux investigation through flux stepping methods. Section 3.3.4 will 
present the importance of the microchannel entrance geometry on the clogging dynamics. 
Finally, section 3.3.5 analyses the influence of the operating conditions on the deposit structure 
through the determination of the hydraulic resistances and the specific deposit resistances.  
 
3.3.1 Pore Clogging Dynamics 
 
The microfluidic technique enabled us to track individual particles at low flow rates and to 
have good quality videos (thanks to the small thickness of the chips) of the pore clogging 
process that can be correlated to the permeability variations. The results show that filtration 
process is highly dominated by frequent clogging and opening of the microchannels. Figure 
3.5 shows the direct observation images of the temporal evolution of the filtration experiment. 
The experiment is performed at constant flow rate of 70 µL/min with suspensions without salt 
solution. From the images, it can be noted that particles are captured at the pore entrances 
during the first 5 minutes leading to pore clogging. Streamlines of particles can be seen above 
the filtering section during the filtration experiment. Clogging of a channel occurs either by 
arch formation or by gradual constriction. The latter clogging mechanism takes place when 
cluster of particles develops on the wall of a channel and grows and touches the neighbouring 
wall or meets with another cluster growing on the opposite wall. Once the entrance of a channel 
is clogged, the flow field around this region is modified. However, the cluster blocking the 
channel is not completely impermeable to the liquid and hence a small flowrate is maintained 
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through it. Particles following the flow towards this cluster are captured and this increases the 
local rate of deposition and the capture efficiency. Particle capture in the open channels is low, 
especially when the filtration is performed at constant flux, due to the increased velocity 
through the open channels. This results in the development of heterogeneous dense deposit as 
the filtration progresses (Figure 3.5 after t = 5 min). As a result of the flow profile changes, the 
main flow over the deposit formed becomes nearly parallel to it and this has profound 
consequences on the deposit growth. At longer filtration time, thick and nearly uniform deposit 
is formed throughout the upstream surface of the filtering section (Figure 3.5 after t = 50 min). 
The local morphology of the deposit may also play an important role on the further growth of 
the deposit (Figure 3.5 after t = 70 min). 
 
Figure 3.5: Images from direct observation of the filtration experiment with 10 µm wide 
channels: the channel clogging and the formation of heterogeneous dense deposit with time. 
The filtration is performed at constant flow rate of 70 µL/min and the suspension is at 0 M.  
 
Furthermore, there were observations of frequent deposit collapse, re-dispersion and expulsion 
phenomena - the sudden collapse of the accumulated deposit when too much compacted due 
to the build-up of pressure resulting in ejection of aggregates of particles through the filtering 
channels (Figure 3.6). After deposit expulsion occurs, porous deposit (opened zone in the 
deposit) is created with aggregates of particles still adhering in the upstream and internal walls 
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of the opening zone of the micro-separator. These dynamic events have been observed a 
number of times during the filtration experiments. Similar dynamic events were observed 
before by Agbangla et al. (2012) [1] but they did not explain its impact on the filtration process. 
The main features of the dynamic instabilities are discussed below in relation to figure 3.8. 
 
 
Figure 3.6: Direct observation of the deposit collapse and expulsion phenomena with 20 µm 
wide channels. After the re-dispersion and expulsion of the deposit, a conical-shaped zone with 
only some particles remaining attached to the microfluidic walls is put in evidence.   
 
 
 
Figure 3.7 below shows the direct observation images of the temporal evolution of the very 
first stages in filtration experiment by using a microfluidic device with wavelike geometry (V-
shaped) having short and long channels. The experiments are performed at constant flowrate 
of 30 µL/min. This geometry makes possible the simultaneous observation of particle 
transport, capture, detachment, and cluster formation in the channels with different lengths. 
The idea here is that the different length channels experience different pressure drops leading 
to the development of different flow velocity in each channel, which in turn translates to the 
presence of different fluxes in the channels. These arrays of velocities lead to various particle 
transport and capture dynamics in the microchannels. This helps to analyse the effect of the 
flow velocity within the channels on the initial deposition of particles during the initial stages 
of the filtration. From the images, it can be noted that particles are first captured after 15 min 
in the channels and at the channel entrances of the long channels leading to clogging. The flow 
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velocities are higher in the short channels. This important hydrodynamic force sweeps out the 
particles through the channels, even after adhesion as can be seen in the images at times 35 
min and 45 min in Figure 3.7, and causes delay in channel clogging. Thus, flow velocity or the 
hydrodynamics has the effect of not only overcoming the repulsive surface interaction forces 
leading to particle capture but also detaching and sweeping out of adhered particles from the 
walls of the channels when it is too high compared to the contact or friction forces between the 
particles and the wall. 
 
Figure 3.7: Direct observation of the initial stages of particle capture phenomena with 10 µm 
wide channels having different lengths. Particle capture at the very first stages of the filtration 
takes place at the entrance of the long channels is evidenced. The experiment is performed at 
constant flow rate of 30 µL/min and the suspension is at 0 M. 
 
 
The interesting feature of our experimental results is that it was possible to extract information 
about the sudden pore clogging and deposit expulsion phenomena during the filtration 
experiment from the image analysis and the dynamic pressure and flowrate measurements. 
Figure 3.8 illustrates the clogging and deposit expulsion events associated with the sudden 
flowrate drops and increases during  constant pressure filtration experiment. The first  sudden 
drop in flux (by ~20%) after 58 minutes is due to the clogging of two channels which were 
open seconds before. Only few channels were remaining open at this filteration time and 
clogging of a single channel can have a profound effect on the flux. At t ≈ 73 minutes, the first 
deposit expulsion is observed: the deposit collapses and aggregates of particles are expulsed 
through the opening channel. As a result, a porous deposit is formed which is immediately 
filled with particles and clogged again and the flowrate drops: the sequential deposit expulsion 
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and new deposit formation lasts for 7 minutes. After these events, only two channels were 
remaining open. The consecutive clogging of these channels after 87 minutes causes a drastic 
decrease in the flowrate and this is immediately followed by the second deposit expulsion 
increasing the flowrate to a higher value due to the formation of another porous deposit and 
opening of a channel. At this point, the deposit expulsion is not immediately followed by the 
clogging of the opened channel: most of the permeate pass through this zone of the filter and 
the high flow velocity in the channel reduces the particle capture (or deposited particles on the 
walls are rapidly swept out and ejected as agglomerates).  
 
 
Figure 3.8: Flow rate vs. time for constant pressure filtration. The inserted images show events 
correlated to sudden permeability fluctuations during filtration: pore clogging and deposit 
collapse. The experiment is performed at constant pressure of 200 mbar with 10 µm wide 
microchannels in dead-end mode. The suspension is at 0 M.  
 
3.3.2 Effect of Operating Conditions 
 
Filtration experiments are performed at both constant pressure and constant flow rate at similar 
range of initial values of permeability with the clean system. The experiments at constant 
pressure show decline of flow rate with time. This decrease in flow rate is caused by the 
clogging of the flow channels by the particles as demonstrated in Figure 3.7. Moreover, there 
are some sudden drops and rises in flow rate caused by the clogging and deposit expulsion 
phenomena as described above.  
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It is interesting to note that such permeability fluctuations have also been simulated [34] and 
have been discussed as being the consequence of local formation of a network of captured 
particles at the pore entrance that can be flushed and reformed with time. The results from 
constant flow rate filtration experiments show the build-up of pressure as the filtration 
progresses due to the accumulation of particles on the filter while the permeate flow is held 
constant. Comparison of the two modes of operation shows that constant pressure filtration 
experiments are more stable than constant flow rate filtrations: the permeability exhibits less 
oscillation as the filtration proceeds during constant pressure filtration experiments (Figure 
3.9a). In constant flux mode, more frequent channel clogging and opening events are observed 
resulting in a less stable system (more erupted process). 
The plots of the cumulative permeate volume collected with time (Figure 3.9b) show that the 
amount of volume collected increases linearly with filtration time (as expected) for constant 
flow filtration process. For constant pressure filtration experiment, the temporal evolution of 
the permeate volume shows a downward concave curve as the flow resistance increases 
reducing the flux, and hence the volume collected, since the pressure drop is held constant. To 
produce equal volumes of permeate (4.22*10-6 m3), constant flow rate filtration takes about 42 
minutes while constant pressure filtration takes about 70 minutes (figure 3.9b). This shows that 
constant flow rate filtration in our system is 1.7 times (or 170%) more productive than constant 
pressure filtration process. On the other hand, calculation of the energy consumption in (W.s) 
by evaluating ∫ 𝑄𝑃𝑑𝑡
𝑡
0
 shows that constant flow rate filtration consumes more energy than 
constant pressure filtration process (figure 3.9c). Production of the same amount of permeate 
volume (4.22*10-6 m3) requires about 0.1594 J energy during constant flow rate filtration while 
constant pressure filtration consumes about 0.0849 J energy. It has to be noted that the energy 
consumptions are about 10.5 Wh/m3 and 5.6 Wh/m3 for constant flow rate and constant 
pressure filtrations, respectively, and are in the range of the microfiltration processes. This 
indicates that constant flow rate filtration consumes more energy (1.9 times more) than 
constant pressure filtration process. Iritani et al. (2014) [41] obtained similar results by making 
experiments at constant pressure using track-etched polycarbonate membranes with 
polystyrene latex particles. This implies that constant flux filtration processes are more 
productive, more energy consuming, and more eruptic or less stable than constant pressure 
filtration experiments and there is a need to find the trade-off of the process.    
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Figure 3.9: Comparison between constant pressure and constant flux filtration experiments 
with 10 µm wide channels: (a) pressure and flowrate measurements; (b)cumulative permeate 
volume measurements; (c) energy consumption with time. The experiments are performed at 
constant pressure of 200 mbar and at 100 µL/min of constant flow. 
Pore Clogging and Deposit Expulsion Dynamics during Microfluidic 
Filtration of Particles 
 
89 
 
Chapter 3 
Figure 3.10a and b, respectively shows experimental results performed at constant pressure 
(200 mbar) and constant flow rate (70 µL/min) at different solution chemistry to study the 
effect on the operating mode. In both cases, the clogging is faster with low ionic strength 
suspensions (0.01 mM) due to the formation of robust arches. At high ionic strength (100 mM), 
arches are easily formed but are fragile. This can be more evidenced by the more pronounced 
fluctuations in pressure drop at constant flow rate experiments (Figure 3.10b) until a critical 
permeate volume is collected, after which the pressure increases rapidly due to sudden and 
simultaneous adhesion of large number of particles at the channel entrances and the resulting 
dense deposit formation.  
 
 
Figure 3.10: Ionic strength effects at (a) constant pressure and (b) constant flow rate 
experiments. Constant pressure experiments were performed at 200 mbar and constant flow 
rate experiments at 70 µL/min. The solution ionic strengths used are 0.01 mM, 10 mM, and 
100 mM of KCl. 
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The clogging and deposit formation is delayed at moderate ionic strength (10 mM) due to 
particle detachment after deposition in the secondary energy minimum (discussed in section 
3.1.2.3). Dense deposits are formed after a critical permeate volume is collected. These results 
are in agreement with the numerical simulation results obtained by Agbangla et al. (2014) [34]. 
Elimelech and O’Melia (1990) [19] have also reported that anomalous maximum of the zeta 
potential at ~10-2.5 M KCl is a common feature of polystyrene colloids with sulfate functional 
groups. 
 
3.3.3 Effect of Suspension Properties 
 
During filtration of microparticle dispersions through a porous media, surface interactions play 
a significant role on the control of particle capture and deposit formation. These colloidal 
interactions mainly involve the electrostatic double layer (EDL) interaction and the van der 
Waals (vdw) attraction forces. The EDL repulsion preventing particles from capture and 
aggregation dominates at intermediate distances while the vdw attraction forces dominate at 
small (primary energy minimum) and relatively large (secondary energy minimum) 
interparticle and particle-wall distances. The vdw forces are volume forces dependent on the 
material properties (such as the dielectric constant and the refractive index) of both the particles 
and the suspending medium. The repulsive potentials arise from electrical charges on particle 
surfaces which may in turn be due to different factors such as adsorption of ions on the surfaces, 
ionic substitution, or ionization of surface functional groups. The presence of electrolytes in 
the suspension modifies this interaction potential profile. In this section, the effect of the 
suspension chemistry is analysed by adding different concentrations (0.01 mM, 10 mM, and 
100 mM) of KCl in order to partially screen the repulsive interaction potential without affecting 
the attractive forces. The particle size effect is also analsyed by using two particle sizes (2.3 
and 5 µm). 
First, flux stepping experiments are performed at different physicochemical conditions under 
the CCC of the particles to determine the different clogging conditions (Figure 3.11a). 
Identifying the blockage of a flow path is made possible through the monitoring of the pressure 
drop from the inlet to the outlet with respect to time [42] and from the microscopic 
observations. The results in Figure 3.11a show that particle capture occurs at low flow rates 
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for high ionic strength (100 mM) suspensions. The high repulsion barrier between the particles 
and the microchannel walls causes a delay in particle capture al low ionic strength (0.01 mM). 
A huge delay in particle deposition was observed at moderate ionic strength (10 mM). With 
the microscopic observations, this delay can be linked to temporary deposition and sliding of 
particles over the walls and finally get swept out. This specific behaviour will be discussed in 
sections 3.4.2.3 and 3.4.4.2 by considering the significance of the secondary energy minimum 
and its consequences on the way particles are captured on collectors [43].  
These results are further substantiated by calculating the fouling rate (the slope for a step in 
Figure 3.11a) for each constant flow rate filtration run (i.e., for 5, 10, 15 … 70 µL/min, each 
of which were run for 10 minutes). The determination of the slope for each constant flow rate 
run (i.e., for 5, 10, 15 …70 µL/min) in the flow stepping experiments is demonstrated in Figure 
3.11b. This slope determination enables us to evaluate the fouling rate which is presented in 
Figure 3.11c as a function of the permeate flow rate. Such a plot allows distinguishing critical 
flux behaviour with negligible fouling below the critical flux value and a significant fouling 
rate above [10]. The increase in the fouling rate is associated to the formation of dense deposit 
(inset images in Figure 3.11c).    
Figure 3.11c shows that the fouling rate increases rapidly at low flow rate for the high ionic 
strength suspensions and it can be noted that there is a critical flux between 5 µL/min and 10 
µL/min. There is a gentle increase in slope for the low ionic strength suspensions at a relatively 
higher flow rate and the critical flux seems to be between 15 and 20 µL/min. These results are 
in agreement with theoretical studies [10] demonstrating that the critical flux increases when 
the colloidal repulsion are more important. For moderate ionic strength, the fouling rate hardly 
increases until we reach 60 µL/min, after which an abrupt increase is observed.   
These observations help to realize that surface interactions play an important role in particle 
capture, and hence the jamming of porous media. When the particle-particle and particle-wall 
interactions are strongly screened out (e.g., in the case of 100 mM suspension), the drag force 
overcomes the repulsive DLVO forces at low flow rate and particles are captured easily leading 
to clogging. At high repulsive forces, particle capture is delayed and the clogging is controlled 
by multibody interactions.  
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Figure 3.11: (a) Flow stepping experiments at different solution ionic strengths: 0.01 mM, 10 
mM, and 100 mM of KCl. (b) Demonstration of how the slopes are calculated for each constant 
flow rate run in the flow stepping experiments to evaluate the fouling rate. This demonstration 
is for the 0.01 mM ionic strength suspension for flow rates of 15 µL/min and 20 µL/min. (c) 
Fouling rates calculated from the flow stepping curves. The inset images are observations for 
10 mM suspensions before and after deposit formation. 
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The dynamics of particle capture is very much progressive for moderate ionic strength due to 
the significant role of secondary energy minimum: this specific behaviour will be discussed in 
section 3.4.2.3. Figure 3.11a also shows that at high flow rates, important permeability 
fluctuations are observed. Thanks to microscopic observations these variations are related to 
the collapse of the network of jammed particles that are expelled through the microchannels 
when the force chains formed by the particles are overcome by the flow.  
Based on the results from the flow stepping experiments, constant flow rate experiments are 
performed at three flow rates (15, 30, and 70 µL/min) with low (Figure 3.12a), moderate 
(Figure 3.12b), and high (Figure 3.12c) ionic strengths to study the coupled effects of 
hydrodynamics and surface interactions on the clogging phenomena.  The dynamics of particle 
deposit build-up is strongly dependent on the solution chemistry. Figure 3.12a shows that there 
is no increase in pressure drop at 15 µL/min but only small fluctuations while there is 
significant increase in pressure drop at 30 µL/min after collecting 0.5 mL permeate volume. 
Thus, a critical flux leading to deposit has been overcome between 15 and 30 µL/min. Above 
the critical flux, the drag force acting on particles overcomes the particle-wall repulsive 
interactions leading to adhesion of particles onto the microchannel walls. These results are in 
agreement with the critical flux measurements done with flux stepping method (Figure 3.11c).  
At high flow rate (70 µL/min), one can note a more progressive increase in pressure until 1 mL 
permeate volume is collected, after which the pressure drop increases by about 50 mbar. 
Comparison of the two flow rate filtrations (30 µL/min and 70 µL/min) at low ionic strength 
(0.01 mM) shows that the hydrodynamic force is not only able to overcome the repulsive forces 
for particle capture but is also able to break the inter-particle and particle-wall bonding forces. 
However, when clogging is initiated after 1 mL, the pressure increases rapidly: filtration of 0.5 
mL leads to a pressure increase of 700 mbar. The pressure increment is less important for lower 
flow rate: at 30µL/min, the pressure increase 500 mbar for the same permeate volume. This 
difference is related to the difference in the deposit morphology formed (discussed in section 
3.4.2.2).  
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Figure 3.12: Pressure drop vs cumulative permeate volume at different flow rates (15, 30, and 70 
µL/min) for different solution ionic strength: (a) 0.01 mM, (b) 10 mM, and (c) 100 mM. 
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At high ionic strength (100 mM in Figure 3.12c), increase of pressure is observed even at low 
permeate flux (15 µL/min). As for the low ionic strength, high velocity seems to delay the 
formation of clogs and deposit on the surface. With the microscopic observation, this effect is 
associated to frequent formation of clogs but that are often broken by the flow. After clogs are 
formed, the pressure increases by a value of 700 mbar while the permeate volume collected is 
about 0.75 mL at 70 µL/min; the corresponding volume for the same pressure increment is 
about 1.375 mL at 30 µL/min (Figure 3.12c). A relatively different behaviour is observed for 
moderate ionic strength (10 mM in Figure 3.12b). In these conditions, the flow rate is always 
enhancing the clogs formation but the time (or the filtered volume) at which they are appearing 
is significantly delayed: for 30µL/min, the clogging appears after 3.5 mL permeate volume is 
collected whereas this volume is 0.5 mL at 0.01 mM ionic strength. The pressure reaches 1 bar 
after about 5.5 mL permeate flow: the corresponding value for 100 mM ionic strength is about 
2.25 mL (reduced by half). These results will be further analysed and discussed by considering 
the effect of the coupling of colloidal interaction and hydrodynamic forces on the clogs 
formation and breakage in the discussion section.  
In addition to the surface interactions, particle size can have significant effect on particle 
capture, deposit morphology, and the subsequent permeability reduction of filtration systems 
depending on hydrodynamic conditions and physicochemical interactions. 
In our experiments, it has been observed that the clogging often results from the bridging by 
the particles at the microchannel entrances. The experimental results show that the bridging 
and the resulting clogging probability decreases when the microchannel width to particle size 
ratio increases. Figure 3.13 shows that the clogging-collapse-reclogging behavior cycles faster 
(i.e., frequent fluctuation in permeability is observed) for the small particles (2.3 µm in 
diameter) indicating that clogs formed effectively collapse immediately.  
Thus, almost all the particles pass through the microchannels resulting in less permeability 
reduction during the very first stages of the filtration. This is in turn enhanced by the repulsive 
effects preventing particles from approaching the walls thus facilitating their passage through 
the microchannels. These results are in agreement with the results obtained by To et al. (2001) 
[44] and Haw (2004) [26]. On the other hand, the bridging is rapidly built by the large particles 
(5 µm in diameter) and rapid decline in permeability at constant pressure (Figure 3.13a) and 
rapid increase in pressure drop at constant flow rate experiments (Figure 3.13b) are observed. 
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For the constant pressure filtration experiments, the flow rate drops by 86% after 1.5 mL 
permeate volume is collected for the 5 µm particles while the drop in flow rate for 2.3 µm 
particles is only about 14% for the same permeate volume collected. At constant flow rate, the 
pressure drop reaches 1 bar and dense deposit is observed for 5 µm particles after collecting 
1.5 mL permeate volume; more than 4 mL permeate volume is required to observe a significant 
amount of deposit for 2.3 µm particles. 
 
 
 
Figure 3.13: Filtration experiment results for particle sizes of 2.3 µm and 5 µm diameters: (a) 
constant pressure experiment results at 200 mbar and (b) constant flow rate experiment results 
at 70µL/min. The suspensions in both cases (a and b) are at 0 M. 
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There are also studies (Elimelech and O’Melia (1990) [19]) showing the presence of significant 
repulsive hydration forces as the particle size decreases. The same group has reported that 
increasing the particle size reduces the double layer thickness which increases the attractive 
effects. Thus, the capture efficiency increases as the particle size increases. Therefore, our 
experimental results confirm that increasing particle size in filtration of latex suspensions 
facilitates the clogging of microseparators. These results highlight the particle size dependency 
of the permeability decline in microfiltration. 
 
3.3.4 Microchannel Entrance Geometry Effect 
 
The discrete geometry of the filter surface can have a significant impact on particle deposition, 
deposit morphology, and the subsequent permeability reduction particularly at the very first 
steps of deposit formation. The set of experiments presented in this section will investigate the 
effect of the discrete geometry of the filter surface on the deposition kinetics. 
Two different microchannel entrance geometries (entrances with square pillars and entrances 
with tilted angle pillars at 45o) are designed to study the effect of microchannel opening on the 
jamming probabilities (figure 3.14a and b). These geometry designs represent the two extremes 
that we can have on surfaces of separation systems, i.e., flat surfaces and sharply grooved 
surfaces. These entrance geometries can have significant effect on the jamming probability. 
Figure 3.14c presents the decrease in flow rate with time for constant pressure experiments 
(200 mbar) realized with two ionic strength suspensions (0.01 mM and 100 mM) and for 
microchannels having a square (DS10) and tilted angle (DT10) shapes. In these set of 
experiments, one can note the opposite effect of the increase in ionic strength (from 0.01 mM 
to 100 mM) on the permeability decrease. For square shape, increasing ionic strength leads to 
a lower permeability decline. As shown previously in figure 3.12c for constant flow 
experiment, this effect seems to be due to the high fragility of the clogs: it is possible to see 
frequent expulsion of such clogs through the channels (second image in figure 3.14a). Contrary 
to this, the increase in ionic strength leads to a more rapid clogging of the microchannels for 
tilted shape (the worst conditions for this set of experiments). The decrease of the permeability 
is severe and the microchannels are almost totally clogged after 0.2 mL of permeate volume. 
These results underline the important role played by the bottleneck shape on the first steps of 
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clogs formation as it was underlined previously [44] with consequences on the clogging 
kinetics. Greater particles deposition on the surfaces of square pillars was observed and this is 
due to the larger forward flow stagnation surfaces available with this geometry. This deposition 
mechanism increases with the flow rate as the particles become closer to the surface by the 
fluid drag.  
 
 
Figure 3.14: Microchannel bottleneck geometry effect on the clogging process during filtration of latex 
suspensions with demonstration of the typical particle deposition patterns: a) for microchannels with 
square pillars entrance geometry, DS10; b) for microchannels with tilted pillars, DT10; c) filtration 
results at constant pressure (200 mbar) for the two geometries with low (0.01 mM) and high (100 mM) 
ionic strengths. D denotes dead-end flow, S and T denote square and tilted pillars, respectively, and 10 
is the channel width.  
 
Greater capture of particles on the surfaces of the square pillars decreases the funnelling of 
particles into the constriction resulting in less permeability loss compared to the tilted shape 
geometry where the funnelling is inevitable. This principle is in agreement with the classical 
filtration theory [45] which states that mass transfer from the bulk-to the near-surface fluid 
domain depends strongly on colloid proximity to the forward flow stagnation axis of the 
collector.  In section 3.4.3, we will discuss this severe clogging by considering the combination 
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of high efficiency of particle-wall (for the first particle capture) and particle-particle collisions 
(due to the high ionic strength) and a reduction of clogs breakage (due to the tilted angle shape). 
Tong et al. (2008) [46] observed temporal increases in colloid deposition rate (also called filter 
ripening) by carboxylate-modified polystyrene latex microspheres of sizes ranging from 0.1 to 
2.0 microns in packed porous media with spheroidal grains. They reported that the transition 
from ‘’clean bed’’ deposition to ripening was triggered by relatively subtle changes in solution 
chemistry and fluid velocity: slight increase in solution ionic strength and slight decrease in 
fluid velocity led to ripening for all microsphere sizes. The ripening was formed at grain-to 
grain contacts due to the funnelling of fluid flow into these areas, which shows very close 
similarities with our case of tilted shape channels.  
 
3.3.5 Deposit Characteristics 
 
The previous sections were analyzing the clogging kinetics. Here, we will focus on the deposit 
characteristics. Figure 3.15.a shows the evaluations of the additional hydrodynamic resistances  
with the cumulative permeate volume collected for both constant pressure and constant flow 
filtration experiments performed with low, moderate, and high ionic strength suspensions.  The 
additional resistances are induced by particle deposition and are calculated for constant 
pressure and constant flow rate experiments using the equations Ra/Ro = (Jo/J) – 1 and Ra/Ro = 
(∆P/∆Po) – 1, respectively, which are derived from the filtration equation. Ra is the total 
resistance after deposit formation, Ro the clean system resistance, J the evolving flux with time, 
Jo the flux for the clean system, ∆P the evolving pressure drop with time, and ∆Po the pressure 
drop for the clean system.  
For 0.01 mM and 100 mM, comparison of constant pressure and constant flow rate experiments 
show that the additional hydraulic resistance generally increases more rapidly for constant flow 
rate mode. As soon as the clogging is initiated (for a given filtered volume), the hydraulic 
resistance is increasing rapidly for the constant flow mode; this increase is less important for 
constant pressure mode. This effect could be linked to the kinetics (constant pressure mode can 
be considered as self regulated – the clogging reduce the flow and then the particle flux coming 
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to the filter) or to a difference in the specific hydraulic resistance (because of a difference in 
the morphological properties).  
To go further in the analysis, the specific deposit resistance is calculated and figure 3.15.b 
shows the variations of the specific deposit resistances for both constant pressure and constant 
flowrate experiments at low and high ionic strengths. The specific deposit resistances are 
calculated from the measurements of the mean deposit thicknesses from microscopic 
observations. The specific deposit resistance is then the ratio of the hydraulic resistance (figure 
3.15a) over the mean deposit thickness. Higher specific deposit resistances are observed for 
low ionic strength suspensions (figure 3.15a). This could be due to the formation of denser 
deposit because of the repulsive interaction: repulsion interaction leads to a reorganization 
before contact. This reorganization of particles gives rise to a more compact deposit structure. 
For similar conditions, the deposit created with a higher ionic strength have lower specific 
deposit resistance: this can be explained by the more open structure of the deposit formed in 
attractive conditions, i.e., for adhesion of particles at the first contact. The specific deposit 
resistance with high ionic strength at constant flowrate exceptionally increases with time. This 
could be due to the fragility of the deposit (due to its loose structure) and the resulting re-
structuring as the filtration proceeds (discussed in section 3.4.2.2). 
The specific deposit resistance is higher for experiments performed at constant flow rate 
allowing internal reorganization. This effect is more pronounced for low ionic strength 
suspensions due to the formation of relatively ordered deposit. The lowest specific deposit 
resistance is obtained with high ionic strength suspensions (loose deposit) formed during 
constant pressure filtration (low reorganization).  
This indicates that the hydrodynamic conditions play an important role on the deposit 
morphology and it has been observed that this is because of both the larger amount of particles 
deposited and the compactness of the deposit formed by the higher drag force at constant flow 
rate for the same duration of filtration time. Constant flow rate mode induces rapid deposition 
of particles and yeilds an important increase in the hydrodynamic resistance in short time. The 
additional resistance obtained for a given salt concentration at constant pressure and constant 
flow rate follow each other until a certain value of permeate volume is collected. Here again, 
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we observed a specific behavior for 10 mM with a more important delay for the clogs formation 
that will be discussed in section 3.4.2.3. 
 
 
 
 
Figure 3.15: (a) Comparison of additional hydrodynamic resistances at low (0.01 mM), moderate (10 
mM) and high (100 mM) ionic strengths. (b) Specific deposit resistances for low (0.01 mM) and high 
(100 mM) solution ionic strengths. The experiments are performed at constant pressure (200 mbar) and 
constant flow rate (70µL/min). 
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3.4 Discussion   
 
The experiments have shown the sensitivity of the clogs formation at the pore entrance and of 
the clogs structure to the hydrodynamics and the surface interactions: a strong coupling exists 
between hydrodynamics and multi-body surface interactions at the pore entrance. The 
mechanisms involved in the clogging are different according to the hydrodynamic/interaction 
balance. The following discussions highlight the original features and clogging scenarios 
brought by our experiments. First, the colloidal interaction energy profiles for the different 
ionic strength suspensions used in our experiments are calculated for the discussion of the 
results presented above. From the classical DLVO theory, the colloidal interaction energy can 
be calculated as the sum of the van der Waals attraction energy (UA) and the electrostatic 
repulsive interaction (UR) as follows: 
 
𝑈 =  𝑈𝐴 +  𝑈𝑅                                                                                     (3.1) 
 
To compute the van der Waals attraction, the modified Hamaker relation is used [47]: 
 
𝑈𝐴 =  −
𝐴𝐻
6
{
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]}                                                    (3.2) 
 
where AH is the Hamaker constant with a value of 1.3x10-20 J for polystyrene particles [48] and 
l=r/Rp with r is the interparticle centre-to-centre distance and Rp the particle radius. 
To compute the electrostatic repulsive interaction, the modified Hogg-Healy-Fuersteneau 
expression derived by Sader et al. (1995) for high surface potential is used [49]. 
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where ε (=6.95x10-10 CV-1m-1) the permittivity of of the medium, Ψo (=-57 mV) the surface 
potential, and ƙ the reciprocal Debye length, defined as: 
 
𝜅 = (𝑁𝐴𝑒
2 ∑ 𝐶𝑖𝑧𝑖
2/𝜀𝑟𝜀𝑜𝐾𝐵𝑇𝑖 )
1/2                                                           (3.4) 
 
where NA (=6.022x1023 mol-1) is the Avogadro constant, Ci the bulk concentration of the ith 
ion, zi the charge valence of the ith ion, e (1.602x10-19 C) the electron charge, εr (=78.54 for 
water at room temperature) is the relative dielectric constant of the dispersion medium, ε 
(=8.854x10-12 CV-1m-1) the permittivity of vacuum, KB (=1.38x10-23m2Kgs-2K-1) the 
Boltzmann constant, and T the absolute temperature.  
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Figure 3.16: Interaction potential energy curves plotted as a function of the surface-to-surface 
distance between the particles (h=r-2Rp) showing the different interaction profiles and their 
importance for three different ionic strength conditions. (a) 0.01 mM, (b)10 mM, (c)100 mM. 
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Using these sets of equations, we are able to calculate the secondary energy minima and the 
potential barrier maxima for each ionic strength suspensions, which are presented in in table 
3.1. Figure 3.16 shows the different interaction profiles for three different ionic strength 
conditions (0.01 mM, 10 mM, and 100 mM) plotted as a function of the surface-to-surface 
distance between the particles. 
 
Table 3.1. Values of the double layer thickness (ʎD), secondary energy minima (U2,mino/KBT), 
and the repulsion barrier (Umax/KBT) calculated from the DLVO theory at low (0.01 mM), 
moderate (10 mM), and high ionic (100 mM) strengths. The modified Hamaker formula [47] 
and the Sader-Carnie-Chan equation [49] are used to calculate the van der Waals attractions 
and the electrostatic interactions, respectively.  
[KCl] (mM) ʎD (nm) U2,mino/KBT Umax/KBT 
0.01 92.6 - 0.084 9620 
10 3.04 - 22.10 5700 
100 0.962 - 92.60 3100 
 
3.4.1 Dynamics Instabilities and Deposit Expulsion Phenomena 
 
The pore clogging instabilities can be linked to the arches formation discussed in a theoretical 
point of view by Ramachandran and Fogler (1998) [6] and experimentally put in evidence 
during the flow of particles in microchannels [39]. A scenario for these instabilities could be 
due to the collapse of a network of particles (Wigner glass network) at the microchannel 
entrances as it has been simulated by a force coupling method [34]. During the collapse of this 
network, aggregates of particles can accelerate in the flow through the channel. This 
acceleration can induce particle aggregation and capture at the wall leading to the formation of 
arches and then pore clogging. On the other hand, deposit collapse, re-dispersion and expulsion 
through the microchannels could be due to the accumulation of drag forces in the deposit 
(because of the deposit growth) that can lead to the destruction of the force chains (initially 
responsible for arches formation) resisting to the compression in the aggregated network. If 
these fractures occur near the pore entrance where arches are supporting all the mass of the 
deposit, internal deposit restructuring is impossible and the deposit is flushed through the 
microchannels.  
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These results show that the particle deposition is rather heterogeneous (with very different pore 
clogging state at the pore scale) and that the clogging of the filter is the results of successive 
pore clogging and deposit expulsion events inducing permeability fluctuations.  Such 
phenomena can have important consequences on the way filtration should be processed and on 
the quality of the permeate in industrial filtrations. The main features linked to these dynamic 
instabilities during filtration are summarized in table 3.2. 
It is important to note that in real membranes, the frequent fluctuations of permeability that 
have been observed during our experiments using microfluidic devices are averaged on a very 
large number of pores (the number of channels is only 29 in our microfluidic devices). 
Statistically, there may be then no signature of permeability fluctuations: the local fluctuations 
are averaged on the total filter surface. However, it is highly probable that the dynamic events 
observed in this study still occur at pore scale in membrane processes inducing local variations 
in permeability which may have influence on the deposit formation and overall fouling of the 
membrane. The constant flux filtration mode could then favor the pore clogging phenomena 
when the particle/pore size ratio is similar to the one used in this study, thus leading to similar 
macroscopic tendencies to our results. Thus, our experimental work gives evidence about the 
local dynamic events happening in filtration processes.   
 
Table 3.2: Summary of the dynamic instabilities observed during the filtration experiments 
Dynamic 
Instability 
Pore Clogging Deposit re-dispersion and 
Expulsion 
Type of transition Dispersion to solid transition Solid to ‘dispersion’ transition 
 
Observation 
Clogging due to the capture of 
several particles at the entrances 
of the channels. 
Collapse of the deposited deposit 
and expulsion of aggregates of 
particles through the opening 
channel. 
 
Cause 
Arches formation: force chain 
formation between particles in the 
microchannels. 
Arches (force chain) destruction 
due to accumulated drag force in 
the deposit. 
 
Consequence 
Sudden drop in permeability Sudden increase in permeability 
that is usually followed by 
immediate filling of the porous 
deposit by particles and a drop in 
permeability. 
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3.4.2 Interplay between Surface Interaction and Hydrodynamics 
 
 The permeability variations induced by the formation of clogs with filtration time can be 
summarized in Figure 3.17 by plotting the couple of conditions (filtered volume and flowrate) 
leading to a significant fouling (through a criterion on the additional hydraulic resistance). The 
criterion taken for this plot is an additional resistance being equal to the initial resistance to the 
clean system (i.e., Ra/Ro = 1). Such criterion corresponds to a filtration volume (called hereafter 
clogging volume) where the filtration flux is half the clean system flux for pressure driven flow 
and is then an indicator of a significant clogging.  
The results obtained for 0.01 mM and 100 mM show that deposition is lower (or the clogging 
volume is higher) at very low or at very high velocities. The clogging is then maximized at 
intermediate flow rate. For example, for 100 mM suspension, about 2100 µL and1300 µL 
permeate volumes are collected before a significant fouling at flow rates of 15 µL/min and 70 
µL/min, respectively, while the corresponding volume at 30 µL/min is about 150 µL. These 
results are in agreement with previous studies of filtration in microchannels [50] that often 
show no clogging zone for extreme flow rates. The results obtained for 10 mM are significantly 
different and show an important delay in clogging. About 2300 µL permeate volume is 
collected at 30 µL/min before clogging. 
 
Figure 3.17: Filtered volume leading to clogging determined for different filtration flowrates 
and for different ionic strengths.  
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These clogging scenarios can be discussed by considering colloidal interactions whose main 
characteristics are an important repulsive barrier at 0.01 mM, a significant secondary minimum 
at 10 mM, and negligible repulsive barrier at 100 mM (as summarized in table 3.1 from the 
DLVO calculations presented in Figure 3.16). These results allow distinguishing different 
behaviours (Figure 3.17) according to filtration conditions that will be discussed in the next 
sections: 
- A zone where the repulsive potential barrier prevents the clogging due to the coupling 
between hydrodynamics and potential barrier (discussed in section 3.4.2.1) 
- A zone at high flow rate where the fragility and the re-entrainment of particles is 
significant when aggregates are formed with high ionic strength (high sweeping out 
by the shear rate) mainly because of the coupling between hydrodynamic and primary 
minima (discussed in section 3.4.2.2) 
- An important retardation of the clogging at moderate ionic strength because of the 
coupling between hydrodynamic and secondary minima (discussed in section 
3.4.2.3). 
These behaviours, summarized in the first lines of Table 3.3, are discussed in the next sub-
sections. 
 
3.4.2.1 Potential Barrier Limited Clogs 
 
For relatively low flow rates (below 30 microliters/min), the clogging volume is decreased 
when the ionic strength is increasing (except for the 10 mM case that will be discussed 
specifically in section 3.4.2.3). This result is expected (according to the DLVO theory and its 
application to slow regime of coagulation) and has been observed for various deposition 
configurations: a gradual increase in the attachment efficiency on collectors has been observed 
with increasing KCl concentration in packed column [19]. As the electrolyte concentration 
increases, the repulsive potential barrier (or the stability ratio) is reduced, and as a result, the 
attachment efficiency is increased. In the same way, the increase in collision efficiency should 
make more probable the formation of arches and clogs: arches being initiated by deposition of 
 Pore Clogging and Deposit Expulsion Dynamics during  
Microfluidic Filtration of Particles  
 
 
Chapter 3 
particles at microchannel corners. In these conditions, where the drag force is the acting force 
leading to overcome the potential barrier, the increase of the flow rate reduces the clogging 
volume. Such results are coherent with the theory describing the shear-induced aggregation of 
colloids as an activated rate process where the potential barrier between colloids is crossed by 
the shear energy [30]. The fouling kinetics that is observed macroscopically during membrane 
filtration also holds the same principle: the critical Péclet number leading to fouling is reduced 
when the ionic strength is increased [31]. 
 
3.4.2.2 Clogs Limited by their Shear Fragility 
 
In contrast to intermediate flow rate, high flow rate leads to an increase of the clogging volume 
(retardation of the clogging). Analysis of the microscopic images shows frequent clogs 
collapse and sweeping out of the associated fragments through the microchannels. The fragility 
of the clogs seems then to be the main limiting effect controlling the clogging process 
dynamics. In these conditions, it is possible to note that the permeability decrease is less severe 
for 100 mM than for 0.01 mM salt concentration. The clogs formed at 0.01 mM are more robust 
and more resistant to the shear: clogs collapse and sweeping out phenomena are rarely 
observed. In comparison, the fragility of the clogs formed at 100 mM (low repulsive potential 
barrier) is more important (see inset images in figure 3.17).  
To further investigate this vulnerability to fragility, the flow rate was suddenly stopped after 
forming thick deposit and different patterns of deposit relaxation have been observed 
depending on the solution chemistry. The images taken 10 seconds after stopping the flow rate 
are presented in Figure 3.18. The deposit relaxation is very different for 100 mM and 0.01 mM. 
For 0.01 mM, the relaxation shows either the dispersion of a loose layer close to the upstream 
part of the deposit (Figure 3.18b) or the detachment of large bands of the deposit which show 
rather cohesive aspect (Figure 3.18a). Contrary to this, relaxation of the deposit formed with 
100 mM suspension is characterized by disintegration of the deposit into small aggregates or 
clusters (Figure 3.18d). This difference can also be linked to the hydraulic resistance of the 
deposit that has been estimated in Figure 3.15a (section 3.5). Such results reinforce the notion 
of dense and cohesive solid structure (clogs and deposit) with 0.01 mM and loose and fragile 
structure with 100 mM salt concentrations. Relaxation of the deposit formed with 10 mM salt 
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concentration results in detachment of large bands of deposit with large amount of small 
fragments (primary particles, duplex, triplex, etc.) of particles (Figure 3.18c).  
These results are qualitatively in agreement with the results usually obtained in aggregation 
conditions under diffusion and interaction coupling (quiescent conditions). It is known that 
aggregates formed under diffusion-limited cluster aggregation (DLCA) conditions (higher 
salinity) have loose structure with low fractal dimension while aggregates formed by reaction-
limited cluster aggregation (RLCA) conditions (lower salinity) exhibit more compact structure 
with higher fractal dimension [51]. Experiment and simulation show that the breakage rate of 
the dense aggregates is smaller than that of the open aggregates for the same hydrodynamic 
stress [52]. 
 
Figure 3.18: Deposit relaxation observations. The images correspond to deposits formed with: a) 0.01 
mM KCl after a constant flux filtration; b) 0.01 mM KCl after a constant pressure filtration; c) 10 mM 
KCl after a constant flux filtration; d) 100 mM KCl after a constant flux filtration.  
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The role played by the fragility to explain the dynamics (and the flow intermittence) of 
clogging and jamming in sheared conditions has been discussed in the introduction of this 
paper. The fragility of the clog depends on how the system came to be jammed (“construction 
history”) [25]. Thus, it can be noted here that when the clogs construction is rapid (the case 
with high ionic strength suspension), the structure of the clog is open and then is more fragile. 
Theoretical development [53] has shown that open aggregates can collapse as soon as the flow 
induced drift acting on the aggregate structure is in the same order of magnitude with the 
intermolecular bonding forces: a breakup of few bonds in the aggregate interior by the flow 
leads to the collapse of the whole aggregate. Clogs formed with conditions of high repulsion 
(low ionic strength), and hence slower construction history, are more robust. 
Numerical simulations evidenced the effect of repulsive interaction magnitude on the clog 
structure and density [32, 34]. The force chains that sustain the clogs are stronger and probably 
more important (the coordination number in dense aggregate is higher) when aggregates are 
formed with more repulsive conditions. A change in flow conditions (and in the compression 
axis) does not allow then to break the clogs: the compatible load of the clog (according to 
Cates’s [25] approach) is higher. Theories [53] demonstrate that in conditions of dense 
aggregates (in the limit of non-fractal aggregates), the collapse mechanism is replaced by a 
surface erosion mechanism. The robustness of the clogs is further discussed in section 3.4.3. 
 
3.4.2.3 Secondary Minimum leading to Gliding Phenomena 
 
A surprising observation has been obtained for micro-particles dispersed in 10 mM KCl 
solution: the results being uncorrelated to the one obtained at high ionic strength. An important 
clogging retardation is observed at the moderate ionic strength. At 0.01 mM, a significant 
clogging is observed after filtering 0.7 millilitres of permeate volume whereas the 
corresponding permeate volume for 10 mM to observe such a clogging is 2.2 millilitres. The 
propensity to clog is then reduced when the repulsive barrier is partially screened; this trend is 
opposite to the one expected from DLVO theory for aggregation discussed in the previous 
section.  But microscopic observation of the dynamic behaviour of particles at the beginning 
of the filtration in such conditions can explain this particular behaviour. In these conditions, 
the particles are collected preferentially in the downstream corner of the pillars (Figure 3.19) 
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and the particle capture in the upstream zone of the pillars is almost nonvisible or, if any, very 
short lived.  
Such an observation can be linked to the existence of a significant secondary energy minimum 
at 10 mM in KCl (Table 3.1 and Figure 3.16b). The effect of the secondary minimum on the 
capture of micro-particles on collectors has been investigated [19, 43, 54]. The explanation 
advanced in this paper is that the secondary minimum helps particles to translate or roll along 
the microchannel wall due to fluid drag and shear until they reach the stagnation point in the 
downstream zone of the pillars. The secondary energy minimum attraction force should result 
in a faster deposition rate (compared to “slow” deposition  in presence of an energy barrier) 
but the particle-particle attraction interaction in this region (not in direct contact with the wall) 
seems to promote the sweeping out (or gliding) of particles under the drag force. These results 
are in agreement with the one obtained on spherical collectors where at moderate ionic strength 
(10-30 mM) the particles (4.1 micrometres) translate along the collector surfaces and 
accumulate at the rear of the spherical collector [43]. 
 
 Figure 3.19: Observation of particle capture in the downstream corner of the pillars for 10 
mM KCl concentration.  
 
There are also a number of studies in porous media [55, 56] on the deposition of colloids in 
flow stagnation zones where there is low flow drag via secondary energy minimum association 
(without attachment) in the presence of an energy barrier. Johnson et al. (2007) [55] reported 
that the colloidal particles (0.55 microns) were retained at an equilibrium separation distance 
in the secondary energy minimum and the particles translated along the collector surface until 
they intercepted a zone of flow stagnation, where they were retained without attachment. 
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 3.4.3 Bottleneck shape: Tilted Wall Shape Increasing Arches Robustness 
 
The results in Figure 3.14c above show that the clogging depends on the microchannel 
bottleneck shape. In all cases, the results show that an opening angle at microchannel entrance 
favours the clogging transition; this effect being more pronounced for the micro-particles 
dispersed in 100 mM KCl (where the repulsion are significantly screened). The arches formed 
at low ionic strength (0.01 mM of added salt) are robust and dense. The opening angle seems 
to reinforce the robustness of the arches leading to a more rapid decrease in the permeability. 
For arches formed at high ionic strength, the clogging transition is controlled by the fragility 
of the arches that are frequently broken and swept out. In this case, the square corners favour 
the frequent sweeping out of the arches leading to a clogging retardation. The convergent 
entrance (Figure 3.14b) seems to reduce the breakage events. Two explanations could be 
brought to support this observation: 
i. The convergent entrance could protect the clog formed at the bottleneck from flow 
changes. In the convergent zone, the flow is more regular (with less axis fluctuation) and 
then should reduce the collapse of clogs. Indeed, the collapse (or fragility) of clogs is 
linked [25] to changes (even small) in the direction of the flow: the forces applied by the 
flow become different to the compression axis at the origin of the arches formation. The 
convergent entrance could then reduce this destructive change in flow direction. 
ii. The arches could be more frequent and more robust because of the tilted angle at the 
bottlenecks. It is easier to support force chains in a “conic” system. The lateral walls 
could partially help to support the thrust from the drag force on the arches. The inclined 
wall could then help to form force chains of the clog and to have clogs less sensitive to 
small lateral changes in the flow. Furthermore, it has been observed from the experiments 
that the arches with the titled bottlenecks are formed just above the microchannel 
entrance (Figure 3.14b) with parallel walls while the arches with the square corners are 
formed just below the microchannel entrance (Figure 3.14a) where there is less support 
from the lateral walls against the drag force. 
The worst conditions for clogging are reached when combining a high frequency for arches 
formation (at high ionic strength where the collision efficiency is higher) and durable arches 
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(with an opening angle increasing the arches robustness). This occurs during the experiments 
with tilted angle microchannels using high ionic strength suspensions (100 mM KCl) as shown 
in Figure 3.14c.  
 
3.4.4 Scenarios for Clogging  
 
Different mechanisms have been discussed to explain flow of particles during clogging [23]. 
In this discussion, we will use the useful and simple scenario drawn by considering 
spatiotemporal fluctuations within force networks [25]:  
- Drag forces (often unidirectional loads) lead to accumulation and force chains within 
some particles in the network (percolation transition) leading to a bridging effect and 
formation of a solid clog. 
- The flow blocking reduces the forces applied on the particles: particles at the jam front 
can leave the jam (progressive re-dispersion of the clog). If the force chain is sheared 
in a slightly different direction, the existing force chains are broken (the force chains 
cannot rotate or translate because of the other dense spectator particles) resulting in 
clog breakage and sweeping out. 
- New force chains are created with a different orientation to re-jam and support a new 
load. 
The experiments presented in this paper show the importance of surface interaction in the 
clogging dynamics and we will propose in next sections clogging scenarios based on Cates’s 
[25] approach accounting for multi-body surface interactions.  
 
3.4.4.1 Pushing or Pulling Interaction Effect 
 
When repulsive particles are flowing near a contraction, because of multi-body interaction, the 
particles can jam and form a network of arrested interacting particles slowing down the flow 
(a force chain of particles in repulsion blocking the flow).  This ‘interaction pushing effect’ 
has been already simulated [34]. In this case, the force chain presents lateral component that 
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make particles pushing on the bottleneck walls (mainly because of the high osmotic pressure 
exhibited by concentrated repulsive particles). When the force chain is destroyed by the flow, 
the flow accelerates and the permeability increases. This flow acceleration can lead to the 
capture of the particles at the bottleneck or to the collapse of successive force chains and then 
lead to the creation of arches.  If this event does not occur, a new force chain can be created 
leading to a stop and go flow. These phenomena (left part of Figure 3.20) have been simulated 
and lead to permeability fluctuations or arches formation according to the particle/particle or 
wall/particle repulsion magnitude [34].   
 
Figure 3.20: Collective effect of the interaction on transport of particles through bottlenecks 
for repulsive particles (left part) and for attractive/repulsive particles (right part).  
 
The unexpected effect shown by these experiments is the clogging retardation observed for 10 
mM experiments characterized by a significant secondary minimum. The formation of arches 
is prevented in these conditions.  Because of the secondary minimum, we can deduce that 
particles will attract each other to form a cluster of attractive interacting particles. Such a 
cluster can be seen as a network of lubricated particles linked by « slippery » bonds - unlike 
shear rigid bonds at contact. These slippery bonds have been discussed in the aggregation 
mechanisms of particles having secondary minimum interaction [57] and could be also 
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responsible for the gliding phenomena of particles at wall (discussed in section 3.4.2.3).  This 
cluster of attractive interacting particles can then be formed in the centre of the flow through 
shear induced diffusion effect. This mechanism could lead to a coordinated transport of 
particles induced by the attraction between particles (the attraction leading to a pulling effect 
of particles through the bottleneck) (right part of Figure 3.20). Such an enhanced transport 
through the pore could delay the clogging. Simulation should be done to check the existence 
of this pulling effect. 
 
3.4.4.2 The panic, the Herding Instinct and the Sacrifice Scenarios 
 
At the end, three well different scenarios for clogging can be drawn according to the particles 
interaction outline experimented with particles in different ionic strength environment (Table 
3.3). These behaviours can be put in parallel of the general sketch of discrete bodies passing 
through a bottleneck that can be found in granular materials or in crowd swarming [24].   
Panic is a particular form of a collective behaviour depending on “human” interactions [23]. 
The characteristic features of panic are: (1) Some individuals move or try to move faster than 
normal; (2) Individuals start pushing and interactions among individuals become physical in 
nature; (3) Moving and passing the bottleneck becomes uncoordinated; (4) At exits, arching 
and clogging are observed; (5) Jams build up. This behaviour is similar to the one we observe 
with repulsive particles where a pushing interaction effect is responsible to stop and go flow 
or to arches formation.  
At the opposite of panic, the herding instinct can be characterized by: (1) Individuals move at 
same velocity and react coherently; (2) Individuals pull each other; (3) Coordinated move: 
individuals are guided to the exit. This cooperative collective behaviour seems to be observed 
when we proceed with attractive (in secondary minima) particles. In this case, a pulling effect 
induced by attraction could help the transfer of the cluster of attractive particles through the 
bottleneck and delay the clog formation. In these last two cases, the collective effects 
(generated by the long range interactions and the presence of concentrated dispersions in 
constrained environment) seem to control the transport of particles through the channels. 
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Table 3.3: Mechanisms involved by the coupling between hydrodynamic and surface 
interaction leading to three different clogging scenarios 
Ionic strength 
(mM) 
0.01 10 100 
Interaction 
outline 
Repulsion Attraction/Repulsion Attraction/Contac
t 
Coupling of 
hydrodynamic 
with: 
Potential barrier Secondary minimum Primary minimum 
Collective 
effect 
Interaction Pushing 
effect 
Interaction pulling 
effect 
 
Clogging 
mechanisms 
Clogs formation 
prevented by potential 
barrier 
Clogs formation 
prevented by gliding 
phenomena (slippery 
bond) 
Clogs limited by 
the fragility to 
shear /high 
collision 
efficiency 
Clogging 
formation 
Few clogs but robust / 
Dense and cohesive 
deposit 
Gliding behaviour / 
Delay for clog 
formation 
A lot of clogs but 
fragile / Loose 
and non-cohesive 
deposit 
Main 
transitions 
Order under constraint  
Competition for space 
Spontaneous order 
Cooperation for 
space 
Low collision 
efficiency 
 
High collision 
efficiency 
Scenario The panic The herding instinct The sacrifice 
 
 
In the last case of attractive (in primary minima) particles, the collective effect seems less 
important.   This case is characterized by a high collision efficiency leading to important 
capture of particles on the walls. The deposit on the walls is then a hydrodynamic (ballistic) 
limited aggregation. However, even if the deposit quantity is high, this deposit is loose (there 
is no “ordering” or ‘‘spatial optimization” of the capture position induced by interactions) and 
lead to a dendritic or loose structure. This structure is then more fragile and the clog formation 
is controlled by this fragility. This last scenario could be related to a particle ‘sacrifice’ with a 
lot of capture having only few importance because of the sweeping out by the shear (‘sacrificial 
layer’). Figure 3.21 demonstrates the main characteristics and the links between the interaction 
potentials, our experimental results, and the clogging scenarios. 
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Figure 3.21: Demonstration of the links between the DLVO theories, the experimental 
results and the clogging scenarios 
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3.5 Summary 
 
In microfluidic filtration systems, dynamic measurement of permeability coupled with direct 
side view microscopic video enables the analysis of the dynamics of pore clogging. Such an 
experimental setup put in light the heterogeneity of the clogging along the filter and the 
importance and impact of sudden events of pore clogging and events of deposit collapse and 
re-dispersion on the permeability fluctuations. Such dynamic events can be qualitatively 
explained by the formation and the destruction of force chains within the particles. By 
comparing constant flux and constant pressure filtration modes, it is shown that the 
permeability fluctuations are less important in constant pressure mode. More frequent pore 
clogging and opening and deposit expulsion phenomena with ejection of aggregates of particles 
are observed during constant flux filtration experiments. There are also different clogging rates 
depending on the physicochemical conditions of the suspension. Important clogging 
retardation is observed at moderate ionic strength highlighting the interplay between colloidal 
interactions and the hydrodynamics. 
The dynamics of the clog formation and their impact on the permeability change when 
experiments are realized with different interaction outline (potential barrier, secondary and 
primary minima) by varying the ionic strength (0.01 mM, 10 mM and 100 mM), respectively. 
Different clogging mechanisms are highlighted by the analysis of these experiments. At low 
flow rate in the presence of potential barrier, no clogging of the micro-separator is observed 
which is linked to lower collision efficiency. The coupling of high flow rate and high ionic 
strength conditions show that the filtration process is dominated by the shear fragility of clogs: 
frequent sweeping out of the arches can delay the clogging. When a significant secondary 
energy minimum exists, an important clogging retardation is observed. Such retardation could 
be attributed to particle-particle or particle-wall slippery bond that leads to particle gliding on 
the wall and to a pulling effect between particles flowing in the bottleneck. Moreover, we find 
that these observations are sensitive to the geometry of the microchannel bottleneck. These 
mechanisms underline the strong coupling between colloidal interactions and hydrodynamics 
which are discussed at the light of the force chains that could be created inside the concentrated 
dispersion prior to clog formation.  
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To represent clogs formation mechanism, three different scenarios can be drawn by analogy to 
crowd swarming: (1) a panic scenario - 0.01 mM - where repulsion between particles induce 
pushing effects that can lead to the creation of robust arches at pore entrance; (2) herding 
instinct scenario - 10 mM - where the attraction (in secondary minima) between particles 
creates cluster that can enhance the transport in the pore by a pulling effect; (3) a sacrifice 
scenario -100 mM - where the capture efficiency is high but the aggregate formed at the wall 
are fragile. This study illustrates then the importance of collective behaviour exhibited by 
interacting particles during jamming or clogging. 
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Streamer Formation Dynamics with Pure and Mixed Bacterial 
Cultures: Effects of Cultivation Conditions and Hydrodynamics 
 
4.1 Introduction 
  
Bacterial biofilms are assembly of microorganisms in which cells are encased in self-excreted 
matrix of extracellular polymeric substances (EPS) sticking to each other on living or non-
living surfaces. Formation of bacterial biofilm begins with the adhesion of individual bacteria 
to a surface and the biofilm colonizes the surface and grows through cell division and enclosure 
by polysaccharide matrices [1]. Recently, the study of biofilms attracted significant 
interdisciplinary attention mainly motivated by the fact that this form of bacterial collections 
can play both positive and negative roles in natural and engineered systems. For instance, 
biofilms can help in bioremediation (in removal of organics) in waste-water treatment and in 
CO2 sequestration [2, 3]. On the other hand, biofilms can play negative roles such as in shipping 
industries causing biofouling [4], in membrane water purification systems for drinking water 
production forming active biofilm on the porous surface [5], and in clinical environments and 
medical devices posing persistent infection risks aggravated by their significant resistance to 
antibiotics and antimicrobial agents when in biofilm forms [6-9].  
The mechanisms by which bacteria form biofilm on surfaces and the conditions promoting this 
process are not yet fully understood. However, some studies demonstrated that biofilm 
formation process on a porous surface is affected by a number of factors such as the bacterial 
cell type, the surface properties of the bacteria, their physiology, the pH and ionic strength of 
the bacterial suspension, and the flow conditions [10-20]. The complex interplay between these 
biological and physico-chemical factors controls the biofilm formation process. Bacteria form 
biofilms with different architectures and morphologies on filters depending on these 
conditions. Stoodley and co-workers [21] have reported that bacteria form filamentous 
structures called streamers under flow through filters. Streamers are porous-matrix structures 
formed mainly by externally imposed shear flow moving through a background flow. They are 
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dominantly positioned in the bulk flow, not at the walls or stagnation points [1, 22]. Recently, 
experimental studies using microfluidic devices have demonstrated that bacterial streamers can 
form in laminar flow conditions in zig-zag microchannels with different curvature angles [23] 
and in arrays of microchannels with different geometries and channel sizes [22]. Rusconi and 
co-workers [24] showed that hydrodynamics, especially the presence of secondary flow in the 
system, plays an important role in the development of streamers. 
Bacteria of all taxa are known to synthesize diverse intracellular and extracellular biopolymers. 
Few intracellular biopolymers are studied with limited use while there have been vast range of 
studies on extracellular biopolymers with valuable structural and functional properties having 
different applications and promising prospects. Extracellular biopolymers are collectively 
referred to as extracellular polymeric substances or exopolysaccharides (EPS). 
Exopolysaccharides play crucial roles in the development and stability of biofilms at solid-
liquid interfaces such as in adhesion, bacterial cell aggregation, water retention, biofilm 
cohesion, nutrient source and energy sink, protective barrier to various antibiotics, binding of 
enzymes, and sorption of organic compounds and inorganic ions [25]. The quantity of 
exopolysaccharides produced varies with bacterial species and the physico-chemical 
incubation conditions. The physico-chemical factors playing crucial role in the yield of 
exopolysaccharides include pH, temperature, incubation time, and medium composition 
(carbon, nitrogen and cation sources) [25]. Carbon availability with limitation of other nutrients 
such as nitrogen, oxygen or phosphorus controls EPS synthesis for most bacterial species [26, 
27]. High carbon to nitrogen ratio is usually required to achieve high yield of EPS synthesis 
[28, 29].  
In this chapter, we study the effects of cultivation conditions and hydrodynamics on the 
bacterial streamer formation during filtration in microfluidic filters. The cultivation conditions 
influence the EPS production which in turn has dominant role on the streamer development. 
Enterobacter A47 species is used for this study. The bacterium Enterobacter A47 has been 
studied for its synthesis of fucose-rich EPS (FucoPol) using glycerol as carbon source [30-33]. 
The main control parameter in this study is the carbon to nitrogen ratio in the nutrient. Glycerol 
and ammonium phosphate are used as carbon and nitrogen sources, respectively. We also 
analyse the extent of streamer formation by using mixed bacterial culture (binary mixture) and 
compare with the formation by pure culture. In the binary mixture, Enterobacter A47 is mixed 
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with Cupriavidus necator (both Gram-negative). Cupriavidus necator is a non-EPS producing 
species and has larger size compared to Enterobacter A47. It produces intracellular 
polyhydroxyalkanoates (PHA) when excess sugar is available. The experiments are performed 
at relatively high flow rates. The flow rate is varied by a relatively wide range of values (from 
50µL/min to 300µL/min) and different geometries of microchannels are used in order to 
investigate the effect of the hydrodynamics on the streamer formation.  
All these experimental works are performed in Universidade Nova de Lisboa (Portugal) during 
my second mobility. 
 
4.2 Materials and Methods 
 
4.2.1 Microfluidic Device 
 
The microfluidic devices used for this work are designed by using CleWin 4 software and 
fabricated in MESA plus (MESA+) nano lab at University of Twente, The Netherlands. Dry 
Reactive-Ion Etching process is used to fabricate the chips as described in chapter 2 section 
2.3.2. 
 
 
Figure 4.1: Microfluidic device used for the filtration experiments: a) assembly of the chip 
inside the chip holder; b) different designs of the microchannels. D denotes dead-end flow, S 
straight channels, A and P alternatively aligned square and polygon pillars; c) the design 
parameters for a 5 µm straight channel chip.  
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The microchannels used for this experimental work have widths ranging from 2 µm to 5 µm 
with different geometries: straight microchannels, microchannels with staggered square pillars, 
microchannels with staggered polygon pillars. The microfluidic device assembly, the different 
designs of the microchannels, and design parameters for a 5 µm straight channel chip are shown 
in Figure 4.1. All the main channels and the microchannels have depth of about 20 µm (i.e., a 
single layer system).  
 
4.2.2 Bacterial Suspension 
 
Enterobacter A47 (DSM 23139) sp. is grown on glycerol by-product from the biodiesel 
industry to study the effects of cultivation conditions (which influence the production of 
exopolysaccharides (EPS)) on the streamer formation during filtration with microfluidic 
devices. The bacterium Enterobacter A47 (DSM 23139) is rod-shaped with dimensions of 0.7-
0.8 µm x 1.2-2.5 µm. It is a Gram-negative motile bacterium containing flagella. It is found in 
soil, water, dairy products, and animal intestines.  
Previously, it has been studied that Enterobacter A47 produces a fucose-containing EPS 
(FucoPol) by cultivation in mineral medium supplemented with glycerol [33]. EPS synthesis 
by Enterobacter A47 has been shown to be influenced by both the initial glycerol and nitrogen 
concentrations and by the nutrients’ feeding rate during the fed-batch phase [33]. Thus, two 
types of Enterobacter A47 cultures are cultivated by using different substrate ratios to control 
the EPS production.  
The first culture (EPS producing culture) is grown on a slightly modified Medium E* (pH 7.0), 
with the following composition (per litter): (NH4)2HPO4, 3.3 g; K2HPO4, 5.8 g; KH2PO4, 3.7 
g; 10 mL of a 100 mM MgSO4 solution; and 1 mL of a micronutrient solution [34]. The 
micronutrient solution has the following composition (per litter of 1 N HCl): FeSO4.7H2O, 
2.78 g; MnCl2.4H2O, 1.98 g; CoSO4.7H2O, 2.81 g; CaCl2.2H2O, 1.67 g; CuCl2.2H2O, 0.17 g; 
and ZnSO4.7H2O, 0.29 g [34]. Medium E* was supplemented with glycerol by-product to give 
a concentration of 40 gL-1 while nitrogen concentration is kept low (< 0.1 gL-1) during the fed-
batch phase, the EPS production stage. The initial nitrogen concentration in the growth phase 
is 0.9 gL-1 nitrogen being mainly used for cell growth. Glycerol by-product, supplied by SGC 
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Energia, SGPS, SA (Portugal), has a glycerol content of 89% and residual contents of methanol 
(0.04%), organic material (0.4%), ashes (6.8%) and water (3.5%). The cultivation is performed 
in a 2 L bioreactor (BioStat Bplus, Sartorius), with controlled temperature and pH of 
30.0±0.1◦C and 6.80±0.05, respectively. The bioreactor is operated in a batch mode during the 
first day of cultivation and, afterwards, in a fed-batch mode, by supplying with cultivation 
Medium E*, with a glycerol concentration of 200 gL−1, at a constant rate of 2.5mLh−1 per 
volume of reactor. The bacterial cell concentration is 6 gL-1 after 12 hrs of growth phase. The 
aeration rate (0.125 vvm, volume of air per volume of reactor per minute) is kept constant 
throughout the cultivation, and dissolved oxygen concentration (DO) is controlled by 
automatic variation of the stirrer speed (400-800 rpm) provided by two six-blade impellers. 
During the fed-batch phase, the DO is maintained below 10%. The overall cultivation time is 
85 hrs. The EPS volumetric production rate is 3.12 g/L per day. The morphological and 
rheological properties of this EPS producing culture broth throughout the cultivation run have 
been studied [30] revealing the formation of cell aggregates at the beginning of the cultivation 
run and EPS matrix with cells embedded in it at the end through microscopic observation. 
Increase of the EPS concentration and the creation of new polymer interactions within the 
complex culture broth resulted in increase in the apparent viscosity of the culture with time. 
The second culture (non-EPS producing culture) is cultivated with the same medium and 
cultivation conditions but with increased nitrogen concentration (1.27 g/L) to suppress the EPS 
production. The EPS production in this case is negligible.   
Mixed bacterial culture (Enterobacter A47 and Cupriavidus necator in a 1:1 ratio) is also 
cultivated aerobically in the same medium as the first case to study the streamer formation. 
The cultivation is performed at controlled temperature of 30oC and pH of 7. Both the bacterial 
species have cell concentration of 6 g/L after the growth phase. Enterobacter A47 produces 
EPS while Cupriavidus necator produces polyhydroxyalkanoates (PHA) intracellularly when 
there is excess sugar. Cupriavidus necator is a non-EPS producing bacterium and is larger in 
size compared to Enterobacter A47.   
 
4.2.3 Filtration Conditions 
 
Filtration experiments are performed in dead-end mode at constant flow rate by using syringe 
pump (Harvard Apparatus PHD 2000) by continuously injecting the bacterial suspension into 
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the microfluidic device at controlled flow rate. The ﬁltration process is recorded by using light 
sensitive camera (Olympus). The dynamics of the streamer formation during filtration is 
recorded by taking images every 30 seconds. The experimental setup for the filtration to study 
the streamer formation phenomena is shown in Figure 4.2. During the experiments, filtration 
conditions are kept in laminar flow regime and the maximum Reynolds number is 1660 
calculated at the maximum flow velocity (0.83 m/s) using the channel hydraulic diameter as 
the characteristic length. The flow rate is varied from 50 to 300 µL/min (flow velocity from 
0.1-0.83 m/s) to study the effect of the hydrodynamics on the extent of streamer formation. 
  
 
Figure 4.2: Experimental setup for imaging the streamer formation phenomena. The bacterial 
suspension in the syringe is pumped to the microfluidic filter and images are captured by the 
camera. 
 
4.3 Results 
 
Physical effects (such as flow conditions and geometry of the microseparator) and biological 
factors (such as bacterial type, cultivation conditions …) influence streamer formation 
dynamics during filtration of bacterial suspensions through micron-sized separators. In this 
experimental work, we used model microfluidic devices to investigate how flow, channel 
geometry, and bacterial cultivation conditions, in particular the substrate composition, affect 
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streamer development by both pure and mixed bacterial cultures. The experiments are 
performed at a relatively high flow regime (Re ≤ 1660). Constant flow rate filtration 
experiments are performed using three different geometries of the separation section with both 
pure and mixed bacterial cultures. These geometries are used to study the effect of the 
connectivity of the microchannels and the sharp edges of the pillars on the extent of the 
streamer formation (section 4.3.1.1). These geometry effects are mainly related to the 
secondary flow that occurs at the edges of the pillars. The microchannel size is also varied (2 
µm and 5 µm) with straight microchannels to investigate the effect of the channel size on the 
streamer formation process. The effect of the cultivation conditions is presented in section 
4.3.1.2. The flow rate is varied from relatively low to high values (i.e., 50, 100, and 200µL/min) 
in experiments with pure culture suspensions (section 4.3.1.3). Furthermore, the flow rate is 
suddenly increased to 300µL/min after forming dense streamer while performing filtration 
experiment at 200µL/min to analyse the effect of sudden change in hydrodynamic conditions 
on the already-formed streamer and its further growth. Filtration experiments with mixed 
bacterial suspensions are performed at intermediate flow rate (i.e., 100µL/min), at which high 
streamer formation is observed with pure bacterial suspensions, for comparison purpose 
(section 4.3.2). Two microchannel geometries are used for filtration experiments with mixed 
culture: microchannels with staggered square pillars and polygon pillars. The following section 
presents the effects of all these parameters on the streamer formation dynamics. 
 
4.3.1 Pure Culture 
 
4.3.1.1 Geometry effect 
 
Experiments are performed with microchannels having different channel architectures 
(tortuosity) and channel sizes. Very low accumulation of bacteria and streamer formation is 
observed for non-EPS producing Enterobacter A47 pure culture cultivated at low C:N ratios. 
Figure 4.3 shows a 2D micrograph of bacterial accumulation for two channel sizes (2 µm and 
5 µm) and two channel configurations (straight channels, DS, and staggered square pillars, 
DA). These filtration experiments were performed at constant flow rate of 200µL/min.  
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As observed previously [1], bacteria accumulated in the downstream of the filtering zone as 
elongated filamentous structures called streamers frequently undulating in the flow. There is 
almost no streamer formation when filtering the non-EPS producing Enterobacter A47 
bacterium suspension using 5 µm wide straight channels. Accumulation of materials in the 
upstream side of the filtering zone is observed frequently and the possible reasons for this could 
be the glycerol remaining in the suspension, protein agglomeration (it has been reported that 
high molecular weight proteins have been observed after dialysis of EPS) [33], the presence of 
inorganic residues, contaminations from the chips and connections, or a combination of these 
factors. When experiments are performed with the straight microchannels with smaller channel 
width (i.e., 2 µm), formation of tiny bacterial streamers is observed. Relatively dense streamers 
were formed when filtering the same bacterial species with tortuous channels (channels with 
alternatively aligned pillars).  
 
Figure 4.3: Temporal variation of the streamer formation for two different channel sizes and 
two different channel geometries. The images are captured at 0, 10, 60 and 90 minutes.  
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Figure 4.4 shows that the average streamer length increased more rapidly with the tortuous 
microchannels (DA5). The decrease in channel width also shows an increase in the streamer 
formation. It can be noted from figure 4.4 that the tortuous nature of the microchannels has 
more significant effect on the streamer formation than the decrease in channel size. It has been 
reported before that the presence of secondary flow plays an important role on the streamer 
formation [24] and figure 4.4 confirms this. The average streamer length for the tortuous 
channels is about 34 µm after 100 min of filtration time while for 2 µm channels this length 
about 6 µm after the same filtration time. The streamer formation time-scales for the two 
geometries (DS2 and DA5) are in the order of minutes. Recent studies have also demonstrated 
that the presence of complex surface geometries enhances the formation of flexible streamers 
which causes clogging in flow systems [35-37].  
 
Figure 4.4: Effect of geometry on bacterial streamer formation for filtration experiments 
performed with non-EPS producing culture at 200µL/min. 
 
In these systems, the hydrodynamics is the main parameter controlling the formation and the 
three-dimensional structure of the bacterial streamers, while bacterial motility is insignificant 
since the experiments are performed at relatively high flow rates. Thus, the flow field around 
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the pillars of the different channel geometries plays major role in shaping the streamers in 
different manner depending on the geometry. It is obvious from the images in Figure 4.3 that 
the tortuous nature of the flow in staggered pillars microchannels actively enables the 
development of dense streamers close to the outlets of the channels. In contrast, long and highly 
porous filaments are formed by the flow in straight channels. This shows that flow determines 
the three-dimensional structure of bacterial streamers. 
The temporal oscillation in average streamer length for tortuous channels in figure 4.4 is due 
to the detachment of streamers from the channel outlets by the flow. It has been reported before 
that this detachment of streamers from the channel outlets is due to the difference in the 
pressure gradient in the background flow and in the streamers jets [38]. 
 
4.3.1.2 Cultivation Conditions Effect   
 
The presence of EPS in pure cultures has been confirmed and observed using various electron 
microscopy techniques. The EPS are characterised by their adsorption ability, biodegradability, 
and hydrophilicity/hydrophobicity. The main components in EPS are carbohydrates, proteins, 
humic substances, and nucleic acids. The combination of the above special characteristics and 
the contents of the main components of EPS crucially affect the physicochemical properties of 
microbial aggregates including the structure, the surface characteristics, mass transfer, 
adsorption ability, and stability. Substrate type has a substantial effect on the microbial 
communities and their metabolism influencing the production of EPS. Nutrient levels have a 
significant effect on EPS production and composition. Some researchers have found that the 
carbon to nitrogen ratio determines the amount of EPS production and proportion of proteins 
and carbohydrates in the EPS [39-41]. It has been reported that there are a number of steps 
involved during the formation of bacterial streamers [1] EPS play an important role in the 
adhesion and aggregation (and thus the initial stages of streamer formation) of bacterial cells. 
The first step is the formation of tiny filaments which are mainly formed by the EPS produced 
by the bacteria.  
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Here, we analyse the effect of the presence of EPS on the streamer formation. In this case, the 
C:N ratio in the substrate is the main controlling parameter on the EPS synthesis. The C:N ratio 
is kept at 50:1 for the EPS producing culture and at 4:1 for the non-EPS producing culture 
during the fed-batch process, the EPS synthesis step. The synthesis of EPS by Enterobacter 
A47 bacterium in nitrogen limited cultivation conditions during the fed-batch phase may be 
related to the absence of nitrogen restricting other metabolic pathways leaving place for EPS 
synthesis [33]. Figure 4.5 shows very rapid streamer formation in the downstream zone of the 
separation section during filtration with the EPS producing culture with straight microchannels 
while there is no streamer formation by the non-EPS producing culture. The time scale for the 
streamer formation is in the order of few minutes for the former case: the average streamer 
length reaches about 50 µm in just 5 minutes of filtration time. The streamers are very long but 
highly porous in structure. They are also very dynamic undulating in the background flow.  
 
Figure 4.5: Effect of cultivation conditions on the streamer formation for experiments 
performed with two cultures cultivated in different C:N nutrients. The filtration experiments 
were performed with DS5 geometry.  
 
After formation of long streamers, the average streamer length is no more increasing but shows 
small fluctuations with time. These fluctuations are due to the balance between the increase of 
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the streamers length (due to capture and accumulation of more bacteria and EPS flowing past 
in the already formed streamers) and the detachment of streamers from the microchannels by 
the flow. Similar streamer detachment phenomena have been reported and it has been related 
to the presence of pressure gradient difference between the background flow and in the 
streamer jets [38]. The streamer breakup is thus purely a flow instability phenomenon in the 
viscous filamentous jets. The inset images in Figure 4.5 shows the extent of difference in 
streamer formation between the EPS producing culture and the non-EPS producing culture 
after an hour of filtration time. Thus, it can certainly be noted here that EPS production by 
bacteria is the main cause, if not the only one, for streamer formation during filtration through 
constrictions. There should also be flow for their formation. 
 
4.3.1.3 Flow rate effect 
 
Filtration experiments of EPS producing pure culture Enterobacter A47 are performed at three 
different flow rates to analyse the effect of the hydrodynamics on the bacterial streamer 
formation: 50µL/min, 100µL/min, and 200µL/min. The corresponding mean flow velocities 
are 0.14m/s, 0.33m/s, and 0.50m/s, respectively. The experiments are performed with 5 µm 
wide straight channels in dead-end mode (DS5). Figure 4.6 shows the average streamer length 
with time for the three flow rates. It can be noted that streamer formation is maximised at 
intermediate flow rate (i.e., at 100 µL/min). The average streamer length at the highest flow 
rate used (i.e., at 200 µL/min) becomes almost constant (about 65 µm) after 20 min filtration 
time except small oscillations. These oscillations are due to the balance between the formation 
and the subsequent detachment of streamers by the flow.  On the other hand, the average 
streamer length reaches up to 125 µm and remains almost constant after an hour of filtration 
time at100 µL/min. The average streamer length increases throughout the filtration time at the 
lowest flow rate used in our experiment (50µL/min). Based on the results from Figure 4.6, we 
performed filtration experiments at intermediate flow rate (100µL/min, at which the maximum 
average streamer length is obtained) using two microchannel geometries: straight channels 
(DS5) and channels with staggered square pillars (DA5). Figure 4.7 shows the growth 
dynamics of streamers at 100µL/min for the two channel configurations of 5 µm width. It can 
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be seen from Figure 4.7 that streamers with average length of up to 240 µm are formed during 
filtration of EPS producing Enterobacter A47 bacterium at 100µL/min for 100 min. This 
shows that long and stable bacterial streamers are formed when coupling intermediate flow 
rate (i.e., when there is a balance between the flows in the streamer jets and the background 
fluid) and secondary flow (by the geometry). 
 
Figure 4.6: Effect of flow rate for experiments performed with EPS producing culture using 
DS5 channel geometry. 
 
In order to analyse further the effect of the flow on the streamer stability, we suddenly increased 
the flow rate after the formation of dense streamers and evaluated the average streamer length 
with time (Figure 4.8). The filtration experiment is performed at 200µL/min for about 110 min 
at which the average streamer length is levelled-off. This experiment corresponds to Figure 4.5 
for the filtration curve with EPS. Then, the flow rate is increased to 300µL/min. It can be seen 
from Figure 4.8 that the average streamer length drops substantially and then starts to increase. 
This reveals that the background fluid flow, and hence its effect on the streamer jets, plays a 
significant role on the stability (or detachment) of bacterial streamers. The inset images in 
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Figure 4.8 shows that the streamers are dense with less detachment at 200µL/min while there 
is a lot of streamer detachment at 300µL/min and they are more segregated.     
 
Figure 4.7: Effect of Channel geometry (connectivity) on the average streamer length for 
EPS producing culture at intermediate flow rate (100µL/min).  
 
 
Figure 4.8: Effect of sudden increase of flow rate on the average streamer length after 
streamer formation. The experiments were performed with DS5 channel geometry.  
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4.3.2 Mixed Bacterial Culture Filtration 
 
Most of the studies reported so far on production of EPS are mainly by pure bacterial cultures. 
The important interactions between microbes have been overlooked. Few researchers have 
reported that using mixed cultures over single cultures promotes the EPS production [42-45]. 
The cooperative growth of bacterial cells that occur in mixed cultures of an EPS producing and 
a non-EPS producing bacterial strains can influence the concentration and characteristics of 
the produced EPS [46]. The presence of certain non-EPS producing bacterial species along 
with EPS producing species in a mixed culture can stimulate the production of EPS. Figure 4.9 
shows the streamer formation dynamics during filtration of mixed bacterial cultures of 
Enterobacter A47 and Cupriavidus necator at intermediate flow rate (i.e., 100µL/min) using 
microchannels with staggered square and polygon pillars.  
 
Figure 4.9: Streamer formation dynamics by mixed bacterial culture and effect of geometry 
on the streamer formation (average streamer length). The experiments are performed using 
mixture of Enterobacter A47 and Cupriavidus necator bacteria at intermediate flow rate 
(100µL/min).  
 
Very long streamers (about 330 µm) are formed at filtration time of 80 min with the staggered 
square pillar geometry. The corresponding average streamer length is about 240 µm (Figure 
4.7) for the pure culture (i.e., Enterobacter A47 only), which shows about 37% increment in 
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average streamer length with the mixed culture. Figure 4.10 shows the comparison of the 
average streamer lengths between the pure culture of Enterobacter A47 and mixed culture of 
Enterobacter A47 and Cupriavidus necator for the two geometries (i.e., microchannels with 
staggered square and polygon pillars). The results show that the initial stages of the streamer 
formation are exactly the same with both cultures. One possible reason for this could be that 
the initial stages of the bacterial adhesion process may be dominated by the Enterobacter A47 
species during filtration with the mixed culture. Another possible reason could be that the initial 
stages of the streamer formation may be dominated by the geometry of the microseparator 
rather than the bacterial species during filtration of both pure and mixed cultures. After certain 
filtration time (about 20 min), the streamer formation is more pronounced in the case of the 
mixed culture.  
 
Figure 4.10: Comparison of streamer formation dynamics by pure culture (Enterobacter 
A47) and by mixed culture (Enterobacter A47 and Cupriavidus necator) using two 
geometries (5 µm wide channels with rectangular pillars, DA5, and polygonal pillars, DP5) at 
100 µL/min flow rate. 
 
It has been reported that when two or more microbial strains form a biofilm, the presence of 
EPS may not only assist in establishing the biofilm but also promote greater biofilm growth 
than the comparable single species biofilm [47]. The EPS promote not only the adhesion and 
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growth of the cells which synthesise it but also those of other microbial species. Symbiotic 
relationships between the microbial strains might be beneficial for the EPS production by the 
mixed culture. These relationships between EPS and non-EPS producing bacterial strains 
might be useful for producing EPS of higher flocculation efficiency, which increases the 
adhesion probability of the bacterial cells or aggregates. Mixed culture of EPS producing and 
non-EPS producing bacterial strains may also reveal higher viscosity and higher molecular 
weight EPS production than that of the pure culture [47] which in turn enhances the streamer 
formation process. 
 
4.4 Discussion 
 
4.4.1 Role of EPS on Bacterial Streamer Formation 
 
In many systems, for instance, membrane bioreactors (MBR), the presence of extracellular 
polymeric substances is a serious problem due to fouling which occurs by pore clogging, floc 
adhesion, and cake layer and/or streamer formation [48]. The important factors determining 
the extent and severity of the fouling in membrane systems handling materials containing EPS 
are the concentration and the chemical characteristics of the EPS [49-50]. Different strategies 
have been proposed to mitigate this membrane fouling problem such as control of EPS 
production, modification of EPS characteristics, and removal of EPS from the system [50]. The 
implementation of these strategies requires detailed analysis of the different components and 
the chemical and functional analysis of the EPS to understand the role in fouling. EPS 
production control is difficult because EPS secretion is a general attribute of microorganisms 
in both natural systems (e.g., wastewater sludge) and in laboratories with controlled conditions 
occurring in both eukaryotes and prokaryotes. Enterobacter strain A47 produces fucose-
containing EPS (FucoPol) composed of fucose (36-38%mol), galactose (22-24%mol), glucose 
(27-33%mol), glucuronic acid (9-10%mol), pyruvate, succinate and acetate [32] provided that 
the substrate is supplemented with high carbon to nitrogen ratio (~40:1). It is a high molecular 
weight, (4.19-5.80) x106, with low polydispersity index (PDI) values (1.30-1.44) homogeneous 
biopolymer [32]. The acyl group substituents (acetyl, pyruvyl and succinyl) account for around 
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12-18wt% of the polymer’s dry weight [33]. Fucose, galactose and glucose are neutral sugar 
residues commonly found in exopolysaccharides produced by members of the family 
Enterobacteriaceae, all of which have uronic acids (glucuronic or galacturonic acids) as main 
components [51]. The common non-sugar components of microbial polysaccharides (i.e., 
acetate esters, pyruvate ketals and succinyl half esters) greatly influence polymer properties, 
namely, solubility and rheology [52]. Moreover, the presence of pyruvate and succinate give 
the EPS an anionic character [53] which could enhance the bacterial adhesion to surfaces. 
Because of the special characteristics, the presence of EPS in microbial suspensions highly 
influences the properties of the suspension in the presence of flow. The viscoelastic properties 
of the EPS produced by Enterobacter A47 bacterium under steady shear indicate the formation 
of viscous aqueous solutions with entangled polymer chains [32]. Provided that EPS is 
available with the desired properties, it can play fundamental roles in the matrix including, 
adherence to surfaces, aggregation of bacterial cells, formation of flocs and biofilms, cell-cell 
recognition, resistance against external forces such as shear by acting as structural elements, 
protective barrier for cells, water retention to avoid desiccation of cells, sorption of exogenous 
organic compounds and inorganic ions, etc. The biopolymers in EPS play an important role in 
flocculation of particles by bridging mechanism encouraging aggregation. They can also 
reduce the particle surface charge by oppositely charged cations and/or bioflocculants. This 
reduces the distance between the particles making attractive forces more effective than 
repulsive forces between the particles. Thus, EPS take part in aggregation of particles by charge 
neutralization mechanism. The higher the molecular weight of the biopolymers (which is our 
case), the more effective the bridging mechanism is. Flocculation with high molecular weight 
EPS involves more adsorption sites. The surface charge of the cell is related to the carbohydrate 
to protein ratio in the EPS. An increase in the carbohydrate to protein ratio leads to a decrease 
in negative surface charge. Higher negative surface charge cells show higher hydrophobicity. 
Bacterial aggregation is more effective at higher negative surface charge. Therefore, both 
proteins and carbohydrates contents of EPS are important factors participating in flocculation. 
The production of the FucoPol by Enterobacter A47 bacterium and its composition is largely 
influenced by a number of factors that govern bacterial metabolism including the cell growth 
phase, the carbon and nitrogen sources and their ratio, pH of the system, temperature of the 
system, aeration (aerobic or anaerobic conditions) [33]. FucoPol production is growth-
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independent, its synthesis mainly taking place in the fed-batch phase. Increasing the initial 
nitrogen concentration led to higher Enterobacter A47 growth, but it is detrimental for EPS 
synthesis. Higher nitrogen concentrations not only significantly reduced EPS production but 
also resulted in the synthesis of polymers with a very different composition, namely, a lower 
fucose content (14-18%mol) and a higher glucose (37-40%mol) content [33]. The very low 
level production of FucoPol by Enterobacter A47 species during the batch phase may be linked 
with the production of an enzyme that degrades biopolymer. On the other hand, the content in 
acyl groups was considerably reduced to 3-7wt% [33].  
A profound emphasis is given to the carbon to nitrogen ratio in relation with FucoPol 
production because it has a great effect on the microbial metabolism and hence on the 
biopolymer production. The carbon to nitrogen ratio has been varied over a wide range in order 
to analyse its effect on the EPS synthesis and the streamer formation during flow through 
microchannels. Increasing the carbon to nitrogen ratio from 4:1 to 50:1 largely increases the 
FucoPol production. Filtration of bacterial suspensions of the two types (non-EPS producing 
and EPS producing through microchannels shows that the presence of EPS in the system 
significantly controls the streamer formation. Ye et al. (2011b) [54] reported that decreasing 
the carbon to nitrogen ratio from 100 to 20 (favourable for EPS production) resulted in 
decreased carbohydrate content and increased protein content in EPS while increasing the ratio 
led to the opposite effect.  Durmaz and Sanin (2001) [39] also reported that a carbon to nitrogen 
ratio of 5 in activated sludge resulted in EPS rich in proteins but low in carbohydrates. 
Increasing the ratio to 40 led to a sharp decrease in the amount of proteins whereas the amount 
of carbohydrates increased.  Activated sludge growing on wastewater with a low carbon to 
nitrogen ratio tends to produce EPS with a high protein/carbohydrate ratio [40, 55].  
Our analysis of the effect of EPS presence in bacterial suspension during filtration shows that 
the EPS plays crucial role in the streamer formation as demonstrated in Figure 4.5. All the 
characteristics of the EPS described above may have important roles in this process. The EPS 
can have significant role in the formation of bacterial aggregates or flocs that increases the 
adhesion probability and hence the streamer formation. The biopolymers can also have 
bridging role between different bacterial aggregates and the entanglements among themselves 
and with other molecules leads to the streamer formation. It has been reported before that the 
first step in the bacterial streamer formation is the formation of tinny filamentous structures 
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that connect to form nets leading to streamer jets formation. Our experimental study confirms 
this hypothesis leading to the conclusion that the exopolysaccharides produced by bacteria are 
the main causes for streamer formation. The EPS production is in turn controlled by the carbon 
to nitrogen ratio in the substrate. Thus, the cultivation conditions of bacteria control the 
streamer formation phenomena during flow through constrictions.  
Our study also shows that presence of non-EPS producing bacterial species (i.e., Cupriavidus 
necator) along with EPS producing species (i.e., Enterobacter A47) in a mixed culture 
enhances the streamer formation. This could be related to the cooperative growth that occur in 
the mixed culture of the EPS producing and the non-EPS producing bacterial species 
influencing the concentration and characteristics of the produced EPS [46]. This presence of 
EPS of different characteristics may increase the adhesive properties to surfaces. Symbiotic 
relationships between the two bacterial strains might also enhance the EPS production by the 
EPS producing species. Furthermore, the EPS production may increase due to increase in the 
substrate utilization which results from secretion of certain enzymes by the microbes helping 
them to fulfil their nutrient requirements. The flow properties of the mixed cultures (such as 
the viscosity) could be largely influenced in mixed cultures and this could enhance the extent 
of streamer formation.  
 
4.4.2 Hydrodynamic Effects of Streamer Formation 
 
Analysis of the rheological characteristics of the cultivation broth of Enterobacter A47 
bacterium showed that there is a considerable viscosity build up and the cultivation broth 
developed a non-Newtonian behaviour, showing an increase in shear-thinning as the 
cultivation time proceeded: the apparent viscosity of the culture broth measured at low shear 
rates has shown an increase of two orders of magnitude (from 10-3 to 10-1 Pa.s) [32]. The 
increase of viscosity is not dependent only on EPS concentration, molecular weight and 
chemical composition but also essentially related to the formation of new interactions between 
individual EPS molecules and the other components of the broth. These new interactions and 
the resulting viscosity build up can have prominent impact on the formation and morphology 
of the bacterial streamers.  
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Concomitant with EPS synthesis and its paramount effect on bacterial streamer formation, the 
hydrodynamic conditions play important roles in the streamer formation process. In this regard, 
we have analysed the parametric effects of the channel size and geometries of the 
microseparator and the flow rate. The dynamics of the streamer formation and the resulting 
morphology is highly influenced by the size and the geometry of the filter through which the 
bacterial suspension is pumped. The temporal growth of the bacterial streamers is quantified 
by evaluating their average length. The dynamics of the streamers in the flow system is 
analysed in terms of the area differences between two consecutive images captured during the 
filtration experiment. The area differences are calculated by ImageJ software. The 
morphological differences between streamers formed by different filter geometries are 
analysed by evaluating the ‘particles’ size distribution. 
In general, small channel size and increased tortuosity of channels result in rapid streamer 
formation and growth (figure 4.4). This could be related to an increase in capture efficiency of 
the bacteria as the channel size decreased and approached the size of the bacteria and the role 
played by the secondary flow in the entanglement between the polymer chains as the channels 
become tortuous with sharp edge pillar corners. The streamers formed with non-tortuous 
microchannels (or straight channels, DS5) by the EPS-producing bacterial suspension of 
Enterobacter A47 are very long and highly porous. In contrast, the streamers formed during 
filtration using tortuous microchannels (DA5) are relatively short and dense in structure. This 
shows that the filter geometry largely influences the morphology of the filamentous structures 
formed by the bacterial aggregates. This morphological difference between the streamers 
formed by the two geometries is analysed by calculating the ‘particle’ size distribution. The 
‘particle’ size distribution is calculated by binarizing the images captured after an hour of 
filtration using ImageJ software. This ‘particle’ size distribution evaluation gives an estimation 
of how segregated or densely populated the streamer jets are. Figures 11a and b present the 
results of the ‘particle’ size distribution for streamers formed by the two geometries with pure 
and mixed bacterial cultures. Figure 4.11a is the ‘particle’ size distribution for streamers 
formed with straight microchannels (non-tortuous) and Figure 4.11b is the distribution for 
streamers formed with tortuous geometry.  
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Figure 4.11: Demonstration of the particle size distribution for streamers formed by both: (a) 
pure culture (PC) using straight microchannels and; (b) mixed culture (MC) using tortuous 
microchannels.  
 
The results show that the ‘particles’ are largely distributed for the streamers formed with both 
geometries and the distribution is not Gaussian.  The ‘particle’ sizes for streamers formed using 
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tortuous microchannels range from 0.5 µm to 350 µm while the corresponding values for 
streamers formed with straight microchannels range from 0.5 µm to 163 µm in diameter. Very 
large number of (about 7000) small particles (about 0.56 µm in diameter) and small number of 
(1) relatively large ‘particles’ (about 163 µm in diameter) are obtained from streamers formed 
with straight microchannels. Compared to this, the structure formed by the tortuous geometry 
results in small number of (about 78) small ‘particles’ (about 0.5 µm) and small number (1) of 
large particles (about 350 µm). The mean diameter of ‘particles’ for streamers formed with 
straight microchannels is 1.217 µm while the corresponding value for streamers formed with 
tortuous microchannels is 3.701 µm. The sphericities of ‘particles’ formed with straight and 
tortuous microchannels are 0.64 and 0.65, respectively. These data indicate that very long and 
highly porous (or segregated) streamers are formed during filtration with straight 
microchannels as shown in the inset image of Figure 4.11a. In contrary, the tortuosity of 
microchannels results in relatively large ‘particle’ sizes implying that the streamers are dense 
in structure. This could be related to the role of the sharp corners of the pillars (or the secondary 
flow) in the aggregation of the bacterial cells wrapped by the large molecular weight 
biopolymers. 
High flow rate (200µL/min) enhanced rapid formation and growth of streamers during the 
initial periods of the filtration experiments (Figure 4.6). However, there is no further growth 
of the streamers and it seems to reach a limit with small fluctuations in the average length due 
to the detachment of some streamer jets by the background flow. Relatively low flow rate 
(50µL/min) filtration of the bacterial suspension resulted in a slow but steady increase in the 
average streamer length with no fluctuations. The longest streamers (about 130 µm using 
straight microchannels) are formed while filtering at intermediate flow rate (100µL/min) with 
some fluctuations at long filtration times (after about an hour). Thus, flow rate plays an 
important role on the kinetics of the streamer growth and the resulting average streamer length. 
Sudden increase of flow rate after formation of dense streamers (i.e., from 200 µL/min to 300 
µL/min) resulted in depletion of the streamers due to detachment by the background fluid flow. 
This could be related to the instability created in the streamer jets by the flow due to pressure 
gradient difference between the fluid flow and the streamer jets. 
Figure 4.12 shows the growth of the bacterial streamer by the mixed culture (i.e., Enterobacter 
A47 and Cupriavidus necator) using the tortuous microchannels (DA5). The images are taken 
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every 5 minutes. As the streamers thicken, they appear to become more ‘rigid’. It has been 
observed during the filtration experiments that they cease to undulate in the flow. The streamers 
become long and dense with time. Frequent detachment of streamer jets is also observed as the 
filtration experiment proceeds. Figure 4.13 shows the area differences between the consecutive 
images in Figure 4.12.  These area differences are evaluated by subtracting the area covered 
by the streamers from the previous image on the area covered by the streamers from the image 
under consideration after binarization of the images using ImageJ software. For example, the 
area difference at t=5 min in Figure 4.13 is evaluated by subtracting the area covered by 
streamers at t=0 min from the area at t=5 min in Figure 4.12. This area difference evaluation 
shows the streamer formation dynamics. There are two possible sources for the area difference: 
one is due to the formation of new streamers and the other possibility is the mobility of the 
streamers by the background flow. These area differences are further quantified by plotting the 
area differences with time as shown in Figure 4.14 for both pure and mixed culture.  
 
Figure 4.12: Temporal evolution of the streamer formation process by the mixed culture of 
Enterobacter A47 and Cupriavidus necator bacteria. The geometry used is microchannels with 
staggered square pillars with 5 um wide channels (DA5). The flow rate is 100µL/min. The 
flow direction is from left to right. 
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Figure 4.13: Temporal evolution of the area difference between two consecutive images 
shown in Figure 4.12. 
 
Figure 4.14: The areal dynamics of the streamers showing their involvement or undulation in 
the background fluid flow for both pure and mixed cultures. 
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Higher fluctuations in area coverage by streamers in the initial stages of the filtration 
experiment can be noted from Figure 4.14 for both straight channels and tortuous channels. 
This is due to the high mobility or undulation of the streamers by the fluid flow and rapid 
growth of streamers during this period, both of which phenomena were clearly observed during 
the filtration experiments. This fluctuation is more pronounced and lasts long (more than an 
hour) for straight channels while for the tortuous channels, the area difference shows steady 
increase after about 20 minutes. This shows that denser and less mobile streamers are formed 
by the tortuous microchannels. At the end of the filtration (after 70 minutes), a limit is reached 
and the area differences are levelled-off for both cases. This is because the streamer formations 
dynamics reaches equilibrium due to the balance between the formation and the detachment of 
streamers in the fluid flow. 
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4.5 Summary 
 
In this work, we analysed the effect of EPS production by Enterobacter A47 (DSM 23139) 
bacterium on the streamer formation under non-retentive conditions (i.e., the channel size is 
larger than the bacterial cells). The raw material used have important role in the chemical 
composition of the produced EPS and their properties such as flocculation mechanism. 
Enterobacter A47 bacterium produces a fucose-containing biopolymer (FucoPol) in a medium 
supplemented with substrate having high carbon to nitrogen ratio. FucoPol is a high molecular 
weight biopolymer composed of neutral sugars (i.e., fucose, galactose, and glucose) and acyl 
groups (i.e., pyruvate, succinate, and acetate). FucoPol possess special properties such as 
rheological properties in aqueous medium, emulsion forming and stabilizing capacity, 
flocculating capacity. These properties of the biopolymer FucoPol play important role in the 
flow characteristics of the bacterial suspension of Enterobacter A47. The presence of FucoPol 
largely controls the formation of streamers by this bacterium during filtration through 
microchannels with different architectures. This is related to the adhesive properties, 
flocculation properties, and high molecular weight of the biopolymer.  
The extent of streamer formation is enhanced when mixing this EPS producing bacterium 
(Enterobacter A47) with a non-EPS producing bacterium (Cupriavidus necator). This could 
be related to a number of factors such as the cooperative growth occurring between the mixed 
culture influencing the concentration and characteristics of the produced EPS and increasing 
the adhesive properties to surfaces, the symbiotic relationships between the two bacterial 
strains enhancing the EPS production by the EPS producing species, increased substrate 
utilization efficiency increasing the EPS production, the increased viscosity enhancing the 
extent of streamer formation, or a combination (s) of these. 
Flow conditions largely influence the extent of streamer formation and the resulting 
morphology. The average streamer length is used to characterise the kinetics of the streamers 
while the areal coverage differences between consecutive images are used to characterise the 
morphology of the streamers. The average streamer length increased significantly during 
filtration of the bacterial suspension through tortuous microchannels. Reducing the channel 
size also enhances the streamer formation. The average streamer length is maximized at 
intermediate flow rate while sudden increase of the flow rate negatively affects the dynamics 
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of the streamer formation due to detachment of streamer jets by the background flow. The 
morphology of the streamers is significantly affected by the channel geometry. Filtration 
through simple straight channels results in long and porous streamers while tortuosity in the 
microchannels gives relatively short but dense streamers.  
The streamer formation can have significant consequences in filtration processes involving 
microorganisms such as those in drinking water production systems where high level of safety 
is required. The streamers in these systems may cause contamination.  The results from our 
experimental study demonstrated that the bacterial streamer formation is influenced by both 
biological (such as type of culture and the cultivation conditions) and hydrodynamic conditions 
(such as the flow conditions and the microseparator geometry).  
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Clogging Dynamics with Mixed Bacteria and Particle 
Suspensions 
 
 5.1 Introduction 
  
The main factor limiting the performances of filtration processes involving complex 
heterogenic constituents such as colloidal particles and microorganisms is their propensity to 
fouling. This is a common problem in wide range of industries such as in drinking water 
production, biotechnology, food processing and the beverage industry, medicine, etc. On the 
other hand, the bioaccumulation at a membrane surface can also be beneficial when using 
membrane bioreactor for the organics degradation. All these applications led to extensive 
research work on analysis of fouling mechanisms and characteristics by colloidal and 
biological particles in the last few decades.  
There have been lots of studies on the bacterial colonization and biofilm formation phenomena 
on porous surfaces such as membranes [1-10]. Depending on the biological and physico-
chemical conditions, bacteria can form biofilms with various architectures [8]. Escherichia coli 
is a widely cultivated Gram-negative, prokaryotic microorganism. It is often considered as a 
model in the study of microfiltration of bacteria because of its long history of laboratory culture 
and ease of manipulation in biological engineering and microbiology applications. Escherichia 
coli is also a potential source of contamination in water treatment. Thus, it is often used in 
research works of filtration of biological processes to study the bacterial retention 
performances in such processes. A. Marty et al. (2012) [9] used microsystems with different 
geometries and configurations to study the streamer development phenomena by E. coli. They 
reported that the streamer development is influenced by the microchannel geometry and the 
flow rate. The tortuosity of microchannels plays important role in streamer formation [10]. 
Indeed, we also have presented our experimental observations in chapter 4 by using 
Enterobacter A47 bacterium that the streamer formation is largely influenced by the bacterial 
broth cultivation conditions, mainly the presence of EPS, in addition to the filter geometry and 
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the flow rate. Microfiltration of colloidal particles has also been the focus of enormous number 
of research groups as described in detail in chapter 3.    
Literatures show that there have been extensive research works on the study of fouling by 
considering homogeneous materials. However, in most of microfiltration processes, one deals 
with heterogeneous mixtures of materials such as biological fluids/cells and inorganic/organic 
constituents. Typical examples of such applications are wastewater treatment plants using 
membrane bioreactors and production of pharmaceuticals. Thus, there is a need to consider 
complex heterogenic mixtures of matters (such as microbial and colloidal particles 
suspensions) during the study of fouling mechanisms in filtration processes. To our knowledge, 
there are very few studies which investigated microfiltration of such complexity [11].  
In this chapter, microfluidic filtration of suspensions of monodisperse polystyrene latex 
particles (2.3 µm spherical particles), E. coli (1 to 2.5 µm rod shape cell), and mixtures of the 
two have been studied combining microscopic (optical observation) and macroscopic (dynamic 
measurement of filtration parameters – pressure, flow rate, and permeate volume) approaches. 
These model suspensions are chosen to compare the clogging dynamics of particles and 
bacteria and to investigate the effect of mixing colloidal and biological particles on the fouling 
mechanisms and dynamics. Previously, studies of the clogging phenomena of the pure 
suspensions (i.e., polystyrene suspensions and E. coli suspensions) have been made using 
microfilters [9, 10, 12-14]. From these experimental studies, completely different clogging 
mechanisms by polystyrene particles and E. coli have been observed. The main findings are: 
i) particles accumulate in the upstream side of the filter and they can form dense deposits or 
dendrites depending on the ionic strength of the suspension (figure 5.1 left); ii) filtration of E. 
coli suspensions results in formation of streamers in the downstream zone of the filter which 
undulate in the flow (figure 5.1 right).  
Mixtures of polystyrene particles and E. coli are considered in this work to analyse the effect 
of the interaction between the two ‘particle’ types on the permeability and clog formation 
mechanisms. These experimental investigations are performed using microfluidic devices 
having microchannels of 5 µm width. Local analysis of clogging is made by using fluorescent 
microscope with green and yellow channels. Measurements of pressure and flow rate with time 
gives the permeability variations or the clogging dynamics.   
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Figure 5.1: Particle and bacteria filtrations. The experimental observations are from filtration 
experiments of polystyrene and E. coli suspensions using microfluidic devices [9, 12]. 
 
 5.2 Materials and Methods 
 
5.2.1 Microfluidic Device 
 
 
The microfluidic device fabricated in MESA+ nano lab at University of Twente, The 
Netherlands, by dry reactive-ion etching process (described in chapter 2, section 2.3.2) has 
been used for this work. The microchannels used for this experimental work are constituted of 
an array of 20 parallel channels having width of 5 µm. The microfluidic device assembly inside 
the chip holder and design of the chip with straight channels are shown in Figure 5.2. The main 
channel and the microchannels have depth of about 20 µm.  
The chip is designed for cross flow separation or fractionation of ‘particles’ (both biological 
and colloidal particles). The microchannels for the first separation have widths of 10 µm and 
the second separation section is 5 µm. We use this design in a pseudo-cross-flow mode in the 
permeate side (figure 5.2c inset image) for the experimental work in this chapter: the inlet 
leading to the first microchannels with widths of 10 µm and the retentate outlet from this 
separation section are closed and the particle and bacterial suspensions flow through the 5 µm 
wide microchannels with one inlet and one outlet. It has been reported that this pseudo-cross-
flow configuration results in more pronounced bacterial streamer formation during filtration of 
different bacterial species suspensions using microfluidic devices [9]. 
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Figure 5.2: Microfluidic device used for the filtration experiments: a) top side of the chip 
holder; b) bottom side of the chip holder in which the chip is assembled; c) chip design used 
in this work and the inset image is microscopic image of the filtering section. C denotes cross-
flow, S straight channels, 5 is the channel width in µm. The width of the main feeding channel 
is 500 µm. 
 
5.2.2 Bacterial Suspensions 
 
 
Escherichia coli strain CIP 54.127 (obtained from the Institute Pasteur collection, Paris, 
France) is used for this experimental work. The bacterial cells are grown aerobically on a 
complex medium of tryptone soy agar (Biomérieux). The culture is incubated at 37oC in 
stationary condition for 24 hrs. The inoculum is prepared by suspending colonies in sterile 
physiological solution of 9 gL-1 of sodium chloride. The bacterial suspensions are kept in a 
non-nutritive condition. Concentration at 108 UFC/mL is initially adjusted by optical density 
measurement at 640 nm and then different concentrations of E. coli (ranging from 5*106 to 108 
cells mL-1) are prepared in this work in order to study the effect of bacterial concentration on 
streamer formation. The approximate volume fractions of these cell concentrations are 10-5 and 
2*10-4. The volume fractions of E. coli are calculated by taking approximate single bacterial 
cell size of 1µmx2µm (rod shape). These bacterial suspensions with different cell 
concentrations are denoted as E. coli 5*106 and E. coli 108, respectively, in the rest of this 
chapter (as presented in table 5.1 below). CYTO 9 green-fluorescent nucleic acid stain (from 
Invitrogen) is used to observe the individual bacterial cells and the streamer formation 
phenomena during the filtration experiments.  
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5.2.3 Particle Suspensions 
 
 
The particle suspensions used in this experimental work consisted of mono-disperse (2.3 μm 
in diameter) latex polystyrene microspheres (Invitrogen) dispersed in water. The latex 
suspensions used in the filtration experiments are obtained by diluting the stock suspension 
until a volume fraction of 10−5 (i.e., 10-3 %v/v = 1.6*106 particles per ml) is reached. NaCl salt 
is used to change the ionic strength of the suspensions (0.01 mM and 154 mM) in order to 
study its effect on the clogging dynamics and to make the suspension environment identical 
with the bacterial suspension for comparison purpose. The two latex suspensions with salt 
concentration of 0.01 mM and 154 mM are denoted as Latex 0.01mM and Latex 154, 
respectively, in the remaining of this chapter as presented in table 5.1. The salt concentration 
154 mM is inferior to the critical concentration for coagulation (CCC) which is observed by 
sedimentation tests to be above 200 mM. Prior to experiments, the latex suspensions are 
exposed to ultrasonic waves for 3 minutes in order to break down aggregates of particles, if 
any. 
 
5.2.4 Polystyrene and E. Coli Mixed Suspensions 
 
 
Pure suspensions of E. coli and polystyrene latex particles are mixed in order to investigate the 
effect of E. coli presence with particles on the clogging dynamics. Two separate cases are 
considered here: polystyrene suspensions of two different ionic strengths (0.01 mM and 154 
mM) are mixed with E. coli suspensions at 154 mM. Thus, two mixture suspensions with 
different ionic strengths are prepared: one at 77 mM (due to dilution) and another at 154mM. 
The volume fraction of ‘particles’ (both polystyrene and E. coli) in all cases is 10-5. These 
mixture suspensions are denoted as Mixture 77 (i.e., the mixture at 77 mM ionic strength) and 
Mixture 154 (i.e., the mixture at 154 mM ionic strength) in the rest of this chapter (as presented 
in table 5.1). The two pure suspensions are mixed just before the filtration experiments are 
performed in order to avoid the effect on the physiological conditions of the bacteria by the 
particle suspension. The initial concentrations of the two pure suspensions is doubled in order 
to have mixture concentration of 10-5 (due to dilution) for comparison with the filtration results 
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of pure suspensions. The CYTO 9 green-fluorescent nucleic acid stain is added to the bacterial 
suspension before the mixing. The mixture suspension is agitated by a vortex mixer for 30 
seconds.  
 
Table 5.1: Particle, bacterial and mixed suspensions used for the experimental work in this 
chapter and their characteristics. 
Suspension 
type 
Volume fraction  Ionic strength 
(mM) 
Latex 0.01 10-5 0.01 
Latex 154 10-5 154 
E. coli 5*106 10-5 154 
E. coli 108 2*10-4 154 
Mixture 77 E. coli = 10-5 77 
Latex = 10-5 
Mixture 154 E. coli = 10-5 154 
Latex = 10-5 
   
5.2.5 Filtration Conditions 
 
 
Filtration experiments are performed in pseudo-cross flow mode in the permeate side at 
constant flow rate by using Microfluidic Flow Control System (MFCS) and Flowell (from 
Fluigent). The same experimental setup described in chapter 2 section 2.4 is used in this study. 
Three different constant flow rate experiments are performed to analyse the hydrodynamic 
effects on the bacterial streamer formation using E. coli suspensions: 10 µL/min, 20 µL/min, 
and 30 µL/min. The corresponding flow velocities are 0.085 m/s, 0.170 mM/s, and 0.255 m/s, 
respectively. These flow velocities are well above the bacterial motility (~100 µm/s). Thus, the 
filtration experiments are mainly dominated by the hydrodynamic conditions and the role 
played by the bacterial motility is negligible. The filtration conditions are in laminar flow 
regime and the Reynolds numbers for the three flow rates are 0.68, 1.36, and 2.04, respectively. 
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All the filtration experiments of polystyrene suspensions and mixture suspensions of 
polystyrene and E. coli are performed at intermediate flow rate (20 µL/min). The pressures, 
flow rates and permeate volumes are measured with time and these measurements are coupled 
with images from microscopic observations of the filtration experiments. Fluorescent 
microscope (Zeiss) is used for the direct observations at magnifications ranging from 10X to 
50X. These dynamic measurements of the filtration conditions and direct observations enable 
both quantitative and qualitative analyses of the results.  
 
5.3 Results 
 
In this experimental work, we use microfluidic devices in order to study the dynamics of 
clogging of microchannel bottlenecks by suspensions of colloidal particles (polystyrene), 
deformable particles (E. coli), and mixtures of the two. The experiments are performed at 
constant flow rate in laminar flow regime. The flow rate (section 5.3.1) and the bacterial 
concentration (section 5.3.2) have been varied in order to find the optimum hydrodynamic 
conditions for streamer formation and then to compare with clogging by colloidal particles 
(section 5.3.4) and the heterogenic mixtures of hard and biological soft particles (section 5.3.5). 
Section 5.3.3 presents results of filtrations of polystyrene suspensions at different ionic 
strengths. NaCl is used as the electrolyte to change the ionic strength of the polystyrene 
suspension and to keep the sterile physiological conditions of the E. coli suspensions.  
The purpose of changing the ionic strength of the polystyrene suspension is to make the 
solution environment identical with the bacterial suspensions for comparison. The bacterial 
suspensions are kept in a physiologically sterile condition by adding 154 mM NaCl. During 
the filtration experiments, the flow rate and the pressure drop are measured with time in order 
to analyse the clogging dynamics. The clogging conditions are evaluated by both microscopic 
observation of the filtration processes and the dynamic measurements of the flow conditions. 
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5.3.1 Flow rate effect 
 
Different constant flow rate filtration experiments of E. coli suspensions are performed in order 
to find the optimum flow rate for the streamer formation. After filtration of the bacterial 
suspensions for a few minutes in a pseudo-cross flow mode, small deposits are observed in the 
upstream side of the filter (figure 5.3 at t = 10 min).  
 
Figure 5.3: Observations of temporal evolution of the streamer formation phenomena by E. 
coli in pseudo-cross flow mode with a filter having straight microchannels. The flow rate is 20 
µL/min. 
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This deposit could be due to the agar that is taken from the agar plate during separation of 
colonies to prepare the suspensions or may be contaminations from the chips. Then, streamers 
start to form from these deposits and increase rapidly with time in their density and length. The 
streamers formed in this case show different morphologies compared to the ones discussed in 
chapter 4 using Enterobacter A47 strain. They are mainly very long separate jets without 
attaching to each other until the end of the experiments (figure 5.3). Thus, the flow 
configuration affects the morphology of bacterial streamers. 
The streamers are oriented in the flow direction due to the change in flow in the downstream 
side of the filter (pseudo-cross flow in permeate side) and oscillate rapidly in the flow. 
Previously, A. Marty et al. (2012) [9] found that changes in flow direction prompted streamer 
formation. They used the same bacterial suspensions (i.e., E. coli) and channel geometry 
(straight channels) and the same order of magnitude of the flow conditions to our case. They 
reported that the pseudo-cross flow configuration led to a rapid and greater formation of 
streamers in comparison to dead-end flow modes. R. Rusconi et al. (2010) [2] observed 
streamers after hours of filtration of suspensions of Pseudomonas aeruginosa strain PA14 at 
low constant flow rates ranging from 0.2 to 1 µL/min (i.e., average velocities of 0.0002 to 
0.001 m/s).  
We also have presented in chapter 4 results on the effect of flow rate (in the flow rate range of 
50 µL/min to 200 µL/min) on streamer formation during filtration of Enterobacter A47 
bacterium: rapid streamer formation is observed at high flow rate (200 µL/min) but the 
temporal growth is more pronounced at intermediate flow rate (100 µL/min) as the filtration 
proceeds. These observations show that the temporal evolution of streamer formation depends 
on the flow rate. Figure 5.4 shows the dynamics of clogging during filtration of E. coli 
suspensions at different flow rates. The results show that rapid clogging of the filter occurs at 
intermediate flow rate (i.e., 20 µL/min). As described in chapter 4, the slow clogging dynamics 
at high flow rate is due to the detachment of streamers by the fluid flow. 
This effect of flow rate (enhancing and slowing of streamer formation) has also been observed 
for particles (figure 3.17 of chapter 3): maximum clogging occurs at intermediate flow rate. 
This has been explained in terms of the high capture efficiency at intermediate flow rate (the 
particles velocities can allow to overcome particle-wall potential barrier), and the shear stress 
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at the wall induces the detachment of particles and sweeping out by the flow at high flow rate 
slowing down the clogging. It seems that similar mechanisms occur in the bacterial streamer 
formation dynamics. 
 
Figure 5.4: Flow rate effect on the dynamics of clogging by E. coli during pseudo-cross flow 
filtration. The inset images are captured at 2000 seconds of filtration for 10 µL/min and 20 
µL/min flow rates. The E. coli concentration is 108 UFC/mL. 
 
5.3.2 Bacteria Concentration Effect 
 
The clogging dynamics of different E. coli concentration suspensions have been investigated. 
Two concentrations of E. coli are considered (5*106 UFC/mL and 108 UFC/mL). As shown in 
figure 5.5, no clogging of the filter (or increase in pressure or flow resistance) is observed 
during filtration of low concentration (5*106 UFC/mL) E. coli suspension in the time frame of 
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the experiments (about two and half hours). However, the pressure increases rapidly at 
relatively higher E. coli concentration (108 UFC/mL): the pressure reaches about 950 mbar in 
about 40 minutes of filtration time. There are also some sudden drops in pressure which are 
due to the detachment of dense streamers by the background fluid flow; these are frequently 
observed during experiments. Similar observations have been presented in chapter 4 while 
filtering Enterobacter A47 bacteria suspensions.  
The rapid increase in pressure during filtration of high concentration E. coli suspensions could 
be due to the higher capture of bacteria in the microchannels and in the streamers formed. The 
bacterial adhesion probability increases with the concentration due to collective effects in the 
concentrated suspension. When the bacterial concentration increases, the cell mass deposited 
in the filter and in the already formed streamers increases leading to higher resistance to flow.  
 
Figure 5.5: Bacterial concentration effect on the dynamics of clogging during filtration of E. 
coli at constant flow rate of 20 µL/min. the inset images are taken at the end of the experiments 
for each flow rate. 
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5.3.3 Filtration of Particles – Salt Concentration Effect 
 
Detailed analysis of the clogging dynamics of colloidal particles (polystyrene latex particles) 
is presented in chapter 3. It has been discussed in chapter 3 that rapid clogging of 
microchannels occurs at coupled filtration conditions of high ionic strength (100 mM KCl) and 
intermediate flow rate (30 µL/min) and the clogging is significantly delayed at moderate ionic 
strength (10 mM), the low repulsion barrier and the secondary minima playing important roles 
in each case (i.e., high and moderate ionic strengths), respectively. In this section, the clogging 
dynamics of the same particles is analysed using NaCl to vary the ionic strength (0.01 mM and 
154 mM). The particle concentration in both cases is 10-5. The need to do these experiments 
here is to have an idea how the clogging by particles progresses at the same ionic strength with 
the one needed for isotonic bacterial suspension.  
Consistent with the results in chapter 3, increasing the ionic strength (to 154 mM) causes rapid 
clogging of the microchannels (figure 5.6): the pressure reaches 1 bar in 33 minutes for 154 
mM ionic strength suspensions while the corresponding time is 100 minutes for 0.01 mM 
suspensions to reach the same pressure value.  
 
Figure 5.6: Ionic strength effect on the clogging dynamics of polystyrene particles (2.3 um in 
diameter). The filtration is performed at constant flow rate of 20 µL/min. 
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5.3.4 Comparison of Particles and Bacteria Filtrations 
 
Comparison of the dynamics of clogging between E. coli and polystyrene suspensions at the 
same solution chemistry (i.e., 154 mM ionic strength in all cases in figure 5.7) is analysed in 
this section. As presented in chapters 3 and 4, the clogging mechanisms are completely 
different for the two types of ‘particles’: polystyrene particles form deposits in the upstream 
side of the filter while bacteria (i.e., Enterobacter A47) form streamers with different 
morphologies in the downstream side of the filter depending on the geometry of the filter. 
However, to our knowledge, there is no investigation done on the quantitative comparison of 
the two clogging mechanisms based on the flow resistance.  
Here, we analyse the clogging dynamics of the two ‘particle’ types by evaluating the flow 
resistance with time (figure 5.7). The volume fraction of polystyrene particles is 10-5. Two 
bacterial concentrations are used for comparison as described in section 5.3.2: 5*106 UFC/mL 
(which is the same concentration as the particles in terms of volume fraction, i.e., 10-5) and 108 
UFC/mL (which is higher concentration compared to polystyrene concentration, i.e., 2*10-4).  
The results show that polystyrene particles display progressive blocking of the filter as the 
filtration proceeds and completely clogs the filter after about 33 minutes. In contrary, the 
bacterial suspension at identical volume fraction does not demonstrate any clogging even at 
longer filtration time, 42 minutes. When the E. coli concentration is higher 108 UFC/mL 
compared to latex particles, significant clogging is observed by the bacterial suspension. For 
this condition, the pressure increases during filtration of E. coli suspension at higher 
concentration starting from the initial filtration time. This is related to the rapid bacterial 
adhesion and formation of streamers and subsequent increased capture efficiency of the 
bacteria flowing past the streamers. The clogging during filtration of polystyrene suspension 
is initiated after 0.2 mL permeate volume is collected (calculated from the flow rate and the 
filtration time). When 0.2 mL of permeate volume is collected during filtration of concentrated 
E. coli, the pressure has increased by about 180 mbar. The difference in the clogging temporal 
progress during filtration of E. coli and polystyrene suspensions could be related to the 
adhesion initiation and the collective effects of the two species. The clogging by E. coli 
suspension is mainly initiated by the adhesion of bacteria in the microchannels and subsequent 
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formation of streamers. On the other hand, the clogging by polystyrene suspension, as 
described in chapter 3, is initiated by the formation of arches or by successive deposition of 
the particles at the entrance of the microchannels. The delay in clogging with polystyrene 
particles could be due to the presence of interaction barrier, even if small, between the particles 
and between the particles and the walls of the microchannels. However, after clogging is 
initiated, the pressure increases rapidly: the pressure is increased by about 700 mbar in 10 
minutes. The corresponding filtration time for the same pressure increment during filtration of 
E. coli is about 35 minutes. Rapid accumulation of materials in the upstream side of the 
microchannels is observed during filtration of E. coli suspensions as shown in figure 5.3 above, 
which facilitates the bacterial capture in microchannels as well as the formation of streamers. 
Bacterial adhesion is also facilitated by the bridging role of the high molecular weight EPS by 
forming bacterial flocs of larger size enhancing the capture in the microchannels. Thus, the 
clogging dynamics is initiated fast and progresses steadily while filtering bacterial suspensions 
with high cell concentrations whereas the clogging by colloidal particles is delayed but 
progresses rapidly after clogs are initiated at the entrance of the microchannels. 
 
Figure 5.7: Comparison of the clogging dynamics by polystyrene particles and E. coli at 
different concentrations. The filtration experiments are performed at constant flow rate of 20 
µL/min. 
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5.3.5 Filtration of Mixed Bacteria and Particles  
 
By mixing pure E. coli suspensions with pure polystyrene suspensions, the effect of the 
interactions between the bacteria and the particles on the clogging dynamics is investigated.  
The clogging dynamics of mixtures of the two pure suspensions at different ionic strengths are 
analysed (Mixture 1 and Mixture 2 in table 5.1)  
Figure 5.8 shows microscopic observations of the temporal evolution of the clogging during 
filtration of mixed E. coli and polystyrene suspension both at the same volume fraction (10-5) 
and the same ionic strength (154 mM) before mixing. It shows merged images of the green 
channel (using CYTO 9 green fluorescent to observe E. coli) and the yellow channel (with no 
fluorescent) in order to observe both the particles and the bacteria at the same time. The 
particles appear in black in the yellow channel while the bacteria appear in green in the green 
channel (figure 5.8). In comparison with the clogging phenomena described in chapters 3 and 
4 with pure suspensions of particles and bacteria, different clogging mechanism has been 
observed during filtration of the mixed suspensions. Frequent formations and collapses of 
dendrites on the pillars of the microchannels are observed by the mixed suspensions. 
Furthermore, no streamer formation in the downstream side of the microchannels is observed 
but bacterial cells are captured in the upstream side of the microchannels in segregation with 
the particles. Thus, the presence of E. coli in the suspension results in different clogging 
mechanism.  
Figure 5.9a shows comparison of the clogging dynamics of E. coli-only and polystyrene-only 
suspensions at the same concentration and ionic strength and the mixture of the two. As 
described above in section 5.3.2, no clogging occurs by the bacterial suspension at 10-5 volume 
fraction while particles at the same concentration cause complete clogging of the filter after 
about 33 minutes. It can be seen clearly from figure 5.9a that the clogging dynamics of 
polystyrene particles is significantly modified by the presence of E. coli in the suspension. A 
substantial delay in clogging occurs. The microseparator is completely clogged (the pressure 
reaches the maximum value ≈1 bar) after about 100 minutes during filtration of the mixed 
suspension while the corresponding time for particles-only suspension is about 33 minutes. 
This important change in the clogging dynamics due to the presence of E. coli in the suspension 
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could be related to the modification of the interaction between the particles themselves and 
between the particles and the microchannel walls. There are also small fluctuations in pressure 
during filtration of the heterogenic mixture. As indicated above, this is because of the frequent 
formation and collapse of dendrites on the pillars and subsequent sweeping out through the 
microchannels. Compared to the successive clogging and opening of microchannels observed 
during filtration of particles in chapter 3 (figure 3.7), the formation and collapse of dendrites 
by the mixed suspensions is more frequent and this occurs even after formation of long 
dendrites and large deposits (this is different from the one presented in chapter 3, figure 3.5, 
where the deposit collapse is due to the fragility of the deposit at the particle-wall bond). The 
fragility of the dendrites here is initiated at the particle-particle bonds. Thus, the presence of 
E. coli in polystyrene suspension results in delay in initiation of the clogging and in the 
formation of largely fragile dendrites. 
 
Figure 5.8: Temporal evolution of the clogging phenomena during filtration of mixed 
polystyrene particles and E. coli (at 5*106 UFC/mL concentration) suspension. The same ionic 
strength suspensions of polystyrene and E. coli are mixed. The filtration experiment is 
performed at constant flow rate of 20 µL/min. No streamers are observed in the downstream 
zone of the microchannels. 
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Figure 5.9: Comparison of the clogging dynamics of suspensions of polystyrene particles, E. 
coli, and mixture of the two. (a) Comparison based on identical solution environment, i.e., 
when the same ionic strength suspensions (154 mM NaCl) of E. coli and polystyrene are mixed. 
(b) Comparison when the solution environment is different, i.e., when different ionic strength 
suspensions of polystyrene (at 0.01 mM NaCl) and E. coli (154 mM NaCl) suspensions are 
mixed resulting in mixture suspension ionic strength of 77 mM due to dilution by half. All the 
experiments are performed at constant flow rate of 20 µl/min. The volume fractions of the 
particles and bacteria are the same (10-5). 
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Figure 5.9b shows the clogging dynamics comparison of pure E. coli and polystyrene 
suspensions at the same concentration but at different ionic strengths and the mixture of the 
two. The polystyrene suspension is at 0.01 mM while E. coli is at 154 mM resulting in mixture 
ionic strength of 0.077 M. Similar to the one in figure 5.9a, the presence of E. coli in the 
polystyrene suspension with low ionic strength results in an important delay in clogging. 
Complete clogging of the microchannels occurs after about 100 minutes during filtration of 
polystyrene suspension at 0.01 mM. However, no significant fouling of the filter is observed 
even after filtration time of 140 minutes during filtration of the mixed suspension. This further 
confirms that the presence of E. coli in particle suspensions largely modifies the clogging 
dynamics of colloidal particles.  
 
5.4 Discussion 
 
The basic understanding of the flow dynamics of bacteria in porous media and the mechanisms 
the bacteria colonise these surfaces is still not well understood. There have been observational 
studies on the streamer formation by bacteria of different species under different flow 
conditions [2, 3, 8-10]. However, quantitative information on the clogging dynamics of filters 
by these streamers are missing. There are also a lot of studies on the fouling of separation units 
by colloidal particles but the scientific evidences on the same research area regarding biological 
particles are very much scarce even though biofouling is a major concern in great extent of 
applications. There are also few reports [10] on the comparison of fouling mechanisms by 
colloidal particles and biological particles (such as bacteria). Furthermore, the study of 
clogging dynamics and mechanisms by heterogeneous mixtures of colloidal and biological 
particles during filtration is completely missing from the scientific arena although there are 
industrial applications involving such complex mixtures of materials of different nature, such 
as in wastewater treatment plants.  
Our experimental results in this chapter show the accumulation mechanisms and the clogging 
dynamics during filtration of colloidal particles and bacterial suspensions are completely 
different. The following sections discuss the clogging mechanisms and dynamics by the two 
types of soft matter suspensions and their heterogeneous mixtures. Section 5.4.1 discusses the 
 Clogging Dynamics of Mixed Bacteria and Particles Suspensions 
 
 
 
Chapter 5 
comparison of the clogging dynamics between the pure suspensions of polystyrene colloidal 
particles and E. coli. The clogging mechanisms and the effect of the interaction between the 
bacteria and the colloidal particles when mixing them are discussed in section 5.4.2. 
 
5.4.1 Clogging Mechanisms by Particles and Bacteria – Comparison 
 
In this section, the clogging mechanism of bacteria (E. coli) is compared with colloidal 
particles (polystyrene) having similar volumes (see sections 5.2.2 and 5.2.3). Previous 
experimental works on pure suspensions of these soft matters [9, 10, 12-14] showed that E. 
coli accumulates in the downstream zone of filters with negligible accumulation in the 
upstream zone while polystyrene particles accumulate mainly in the upstream zone on the walls 
of the filter.  A. Marty et al. (2012) [9] carried out confocal observations of bacterial streamer 
formation experiments with fluorescent markers to analyse the three-dimensional structure of 
the streamers and revealed the presence of both bacteria and EPS superimposed in the 
streamers. They also proposed the different steps in the streamer formation process: 
establishment of tiny filaments, filaments join and form a net, and streamers form and grow 
due to the capture of bacteria flowing past these nets. However, there is no report on the 
analysis of the precise origin of bacterial adhesion locations during the initial stages of the 
filtration experiment leading to streamer formation.   
Our experimental results show that individual bacterial cells are captured in flow regimes of 
high velocity at the entrances of the channels during the very first stages of the filtration (figure 
5.10c at t = 5 minutes). This bacterial adhesion in the high velocity flow field leads to the 
establishment of streamers in these regions and progress to the downstream zone. This 
initiation of the filamentous structures in the high flow field makes them largely mobile in the 
flow resulting in their detachment in later stages of the filtration as their density increases. This 
increment in density and the resulting detachment by the flow causes permeability fluctuations 
during filtration.  
The adhesion of E. coli in the increased wall shear stress region could be related to the role of 
surface organelles in the bond forming process between the cells and the surface. Lecuyer et 
al. (2011) [15] reported that the characteristic residence time of bacteria increases 
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approximately linearly as the shear stress increases (0-3.5Pa) by analysing the early-stage 
adhesion of Pseudomonas aeruginosa on glass and polydimethylsiloxane surfaces. They 
concluded that the shear-enhanced adhesion time is not related to the surface organelles (type 
I pili, type IV pili, or the flagellum) or extracellular matrix production by performing 
experiments using mutant strains with defects in surface organelles. They hypothesised that 
the increased residence time could be due to the increased number of bonds forming between 
the bacterial cells and the surfaces or due to the bonds themselves becoming stronger. The 
increased number of bonds between the cells and the surface may stem from the mechanical 
stress triggering physical bacterial cell deformation or chemical surface modification 
increasing the density of binding sites. In the case of E. coli, it has been reported that shear-
enhanced adhesion resulted in because of specific catch-bonds (bonds whose lifetime increase 
under load) formed between type I pili (which incorporates an adhesion protein – FimH) and 
surface on which mannose is adsorbed [16]. Elimelech et al. (2004) [7] also reported that 
bacterial attachment to a quartz surface in a radial stagnation point flow system was absent at 
low ionic strengths. Furthermore, high shear stress could result in modification of bacterial 
surface properties which may enhance adhesion. A. Marty et al. (2014) [10] reported the 
formation of deposits by dead bacteria in the upstream zone of the filter, like particles, linking 
the streamer formation to the living character of bacteria which enable them to attach in the 
high shear stress area. Conditioning of the microchannel surfaces could also occur by 
molecules excreted by the bacteria themselves enhancing adhesion. Thus, the characteristic 
higher adhesion of E. coli in the increased shear region of the channels could be due to the 
specific catch-bonds formed between the cells and the microchannel walls or due to the 
physical or biological modifications of the bacterial cells activated by mechanical stress or due 
to the combined effects of these issues. 
Two locations dominate the capture of polystyrene particles during the very first stages of the 
filtration: they are captured either in forward flow stagnation zones where there is low velocity 
field (figure 5.10a) or in high velocity field when an important number of particles flow 
through a channel competing for space (figure 5.10b). The former capture mechanism results 
in clogging of microseparators by successive deposition of particles in stagnation zones at high 
ionic strengths (figure 5.10a) while the later causes clogging by the bridging mechanism (or 
arches formation) in high velocity flow fields at low ionic strengths (figure 5.10b). The particle 
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capture in high velocity field by bridging mechanism is similar to the panic scenario discussed 
in section 3.4.4.2 of chapter 3 where repulsion between particles at low ionic strength induce 
pushing effects leading to the creation of robust arches at pore entrances. Johnson et al. (2007) 
[17] also reported greater particles deposition on forward flow stagnation surfaces of square 
pillars.  These experimental results evidence that colloidal particles and bacteria exhibit 
different deposition characteristics which highly depend on the flow field during the initial 
periods of filtration and result in different clogging mechanisms.  
 
Figure 5.10: Capture mechanisms of polystyrene particles and E. coli during the initial stages 
of filtration through microchannels. (a) polystyrene particles capture in stagnation zones at 154 
mM NaCl, (b) polystyrene particles capture in high velocity fields at 0.01 mM NaCl, (c) E. 
coli adhesion inside channels and at entrances and streamer formation progressing to the 
downstream zone of the microseparator. Polystyrene volume fraction is 10-5 and E. coli volume 
fraction is 2*10-4.  
 
5.4.2 Clogging Mechanisms by Heterogenic Mixtures of Particles and 
Bacteria 
 
By mixing pure E. coli suspension with pure polystyrene suspension, the effect of the 
interactions between colloidal particles and biological particles is investigated. In this section, 
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we focus on the discussion of the mixing effect of the same concentration (in volume fraction) 
pure E. coli and pure polystyrene suspensions (total volume fraction of 2*10-5). The E. coli 
suspensions are always at ionic strength of 154 mM (at isotonic condition) while the 
polystyrene suspensions are at 0.01 mM and 154 mM. Two different ionic strength mixed 
suspensions (Mixture 1 and Mixture 2 as denoted in table 5.1) are filtered through 
microchannels of the same size range (5 µm wide) with both polystyrene particles (2.3 µm in 
diameter) and E. coli (~2 µm in length). The filtration dynamics of the mixed suspensions are 
compared with the substituent suspensions under the same hydrodynamic conditions as shown 
in figure 5.9 above.       
The clogging dynamics of the mixture suspensions in both cases (ionic strengths of 77 mM 
and 154 mM) show significant delay (figure 5.9). Filtration of polystyrene suspensions under 
the same operating conditions shows that the flow resistance is mainly caused by the deposit 
formation on the surface of the filter with negligible internal channel blockage (figure 5.10b). 
On the other hand, the flow resistance during filtration of high concentration E. coli 
suspensions (108 UFC/mL - figure 5.10c) results from the streamers formed in the downstream 
zone of the filter with considerable internal channel blockage. Thus, as described in section 
5.4.1 above, colloidal particles and bacteria behave differently in the clogging phenomena 
during filtration in microchannels of the same size range. Filtration of the mixed suspensions 
results in the formation of deposits in the upstream zone of the microseparator with no streamer 
formation in the downstream zone and with negligible internal clogging (figure 5.11a). The 
bacterial cells are segregated within the particles in the deposit.  
The introduction of E. coli unexpectedly reduces the fouling resistance compared to the one 
with pure polystyrene suspensions: the addition of material to a feed suspension should 
increase the flow resistance. The significant delay in clogging during filtration of mixed 
suspensions of the two soft materials could be due to modifications of the interactions between 
the microorganisms themselves, the microorganisms and the particles, the microorganisms and 
the walls, and the particles and the walls. These complex interactions between the different 
entities could play important roles in the modification of the deposit morphology by changing 
the particles aggregation mechanisms. As mention in section 5.3.5, long dendrites are formed 
(figure 5.11a) by the mixed suspension at 154 mM while no deposits are observed during 
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filtration of mixed suspension at 77 mM. Thus, the presence of E. coli could modify the fouling 
making it reversible with temporary deposition of particles and forming more fragile dendritic 
deposits. Hassan et al. (2013) [11] reported that the introduction of E. coli to yeast suspensions 
modified the reversible part of the fouling without influencing the flux during cross-flow 
microfiltration of mixed yeast and E. coli suspensions. The formation of long dendrites (figure 
5.11a) results in erosion of aggregates of ‘particles’ by the flow which either cause rapid 
clogging of microchannels or are expelled through the microchannels (as can be seen in figure 
5.11a in the downstream zone of the microchannels). These phenomena have been observed 
frequently during the filtration experiments.  
 
Figure 5.11: (a) observations of dendrites and deposit formations by mixed E. coli and 
polystyrene suspension. (b) Removal of the dense deposit formed by the mixed suspension by 
backwashing with ultrapure water. Both E. coli and polystyrene are at the same volume fraction 
(10-5) and the ionic strength is 154 mM. 
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Comparison of the clogging dynamics of the two mixed suspensions (i.e., the suspensions at 
154 mM and the suspension at 77 mM) show that the flow resistance is significantly low for 
the low ionic strength suspension. This reduced deposition of particles and bacteria at low ionic 
strength could be due to the effect of the electrostatic interaction potentials at low ionic 
strength. It has been described in chapter 3 that particle deposition under unfavourable 
conditions is governed by the DLVO theory. Our experimental observations of the reduced 
fouling of the filter at low ionic strength is consistent with other investigations of low bacteria 
[5, 7, 18, 19, 20] and particles [12, 21] deposition with reduced ionic strength under 
unfavourable conditions. W. P. Johnson et al. (1996) [18] reported that a decrease in ionic 
strength decreased bacterial retention of A. paradoxus on borosilicate glass.  
Elimelech et al. (2004) [7] reported the deposition of bacterial cells (E. coli) in the secondary 
energy minimum at moderate to high ionic strengths (10-300 mM KCl). This could play highly 
significant role during filtration of the mixed polystyrene and E. coli suspensions. The ionic 
strengths we used are in the same range of the ones used by Elimelech et al. (2004) [7]. We 
also have described in detail in chapter 3 that filtration of polystyrene particles at moderate 
ionic strength (10 mM) causes huge delay in clogging due to the deposition of the particles in 
the secondary energy minimum which results in gliding phenomena - particles translate along 
the microchannel walls. Thus, the retardation in the clogging dynamics during filtration of 
mixed E. coli and polystyrene suspensions could mainly be due to deposition of ‘particles’ in 
the secondary energy minimum that causes translation of both latex particles and bacteria along 
the walls. The gliding of bacteria could also reduce the colloidal particle capture. Indeed, we 
have observed these translation phenomena during filtration of E. coli suspensions with 
fluorescent microscopy at high magnification (50X) (figure 5.12). Figure 5.12 shows the 
tracking of a single E. coli cell with time in a microchannel and the growth of the streamers. 
The bacterial cell travelled about 15 µm in 6 minutes, which corresponds to a velocity of about 
2.5 µm/min. The fluid flow velocity at flow rate of 10 µL/min is 0.085 m/s. This shows that 
temporary bacterial cell adhesion occurs in the microchannels and the cells translate along the 
microchannel walls. The temporary adhesion of bacterial cells could be in the secondary energy 
minimum, by the surface organelles of the cells, entangled in an EPS matrix adhered to the 
surface, or combination of these mechanisms could take place in a given filtration system. 
Furthermore, figure 5.12 shows the growth of streamers in the downstream zone of the 
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microchannels with significant deposition in the channels. Mostly, individual bacterial cells 
are dispersed in the streamers with some flocs in the streamers. As the filtration progresses, it 
becomes difficult to observe individual cells due to over exposure. 
Furthermore, ultrapure water backwashing of the deposit formed by the mixed suspensions 
shows that, after dense deposit is formed, the deposit is highly fragile at the bond with the 
microchannels walls but relatively cohesive internally. Large bands of deposits are removed 
from the filter and it is completely cleaned (figure 5.11b). This cohesive nature of the dense 
deposit could be due to the role of the bacterial cells enhancing the interparticle bonding or due 
to the high molecular weight EPS playing bridging role between the particles. 
 
Figure 5.12: Observations of single bacterial cell translation along the microchannel wall and 
initial stages of streamer formation with time. The filtration is performed at 10 µL/min with E. 
coli 108 suspension.  
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5.5 Summary 
 
The clogging dynamics of pure suspensions of polystyrene colloidal particles and Escherichia 
coli bacteria and their heterogenic mixtures have been analysed by both microscopic 
observations and dynamic measurements of the flow rate and pressure with time. The pure 
suspensions of E. coli and polystyrene colloids behave differently during filtration through 
constrictions of the same size range as the ‘particles’ and the clogging dynamics are 
significantly different. The colloidal particles form deposits in the upstream zone of the 
microseparator in which the clogging is initiated either by arches formation in the high shear 
flow region or by successive deposition in the forward flow stagnation points on the pillars. 
On the other hand, bacteria form filamentous structures in the downstream zone of the filter 
initiated mainly due to bacterial cell adhesion in the high velocity flow field – predominantly 
at the entrances of the microchannels.  
The clogging dynamics of the heterogenic mixtures of the polystyrene colloids and E. coli 
show different mechanisms compared to the dynamics of the pure suspensions. E. coli 
suspension at 154 mM is mixed with polystyrene suspensions at 0.01 mM and 154 mM to get 
mixture ionic strengths of 77 mM and 154 mM with constant ‘particle’ volume fraction of 10-
5. In both cases, the clogging dynamics is significantly decelerated. The complex interplay 
between the bacterial cells, the colloidal particles, and the microchannels at the different ionic 
strengths could play significant roles for this clogging retardation. Previous studies showed 
that both polystyrene microparticles and E. coli show deposition in the secondary energy 
minimum in the ionic strength range we are considering. The presence of E. coli could also 
modify the interparticle interactions resulting in dendritic deposit formation, which has been 
observed during the experiments. Thus, the complex interplay between microorganisms and 
colloidal particles in applications such as in wastewater treatments or in activated sludge may 
reduce the retention of both species deterring the performances of the processes. 
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Conclusions and Perspectives 
 
Fouling is one of the most important challenges in membrane processes causing flux 
decline/pressure increment resulting in increase in the energy demand for the separation 
process. To counteract this problem, detailed approach is indeed vital in order to alleviate the 
problem related to it. The analysis of membrane fouling has often been rough characterizing it 
based on the global measurement of fouling indicators (flux and transmembrane pressure). 
There are different factors influencing the fouling phenomena including membrane properties 
(such as pore size, pore size distribution, hydrophobicity, membrane material), 
solution/suspension properties (such as solid concentration, average size of suspended 
materials, size distribution of suspended material, ionic strength, pH, chemical nature of 
suspended materials), and operating conditions (flow rate, pressure, temperature). The complex 
interplay of these factors occurring at pore scale determines the fouling phenomena. Thus, it is 
necessary to have access to experimental information at pore scale for better understanding of 
the fouling mechanisms. This allows devising proactive strategies for predicting and 
controlling fouling in filtration processes. This proactive approach to fouling in filtration 
processes helps lessen its negative impacts in industrial membrane applications. Therefore, 
developing an in-situ quantification and direct visualization mechanism of the physico-
chemical interactions occurring during filtration processes is essential to get information at 
pore scale.  
In the last few years, the advancements in microfabrication technology led to the development 
of different microfluidic techniques for different applications. As a result of this, many research 
works on fouling have been realized by using microfluidic devices. Technically, most of the 
experimental analyses on fouling using microfluidic devices have been performed using 
polydimethylsiloxane polymer which has its own disadvantages such as permeability to gases, 
temporary bonding between layers, deformability, etc. From the scientific point of view, most 
of the experimental and theoretical analyses of fouling mechanisms at pore scale have not been 
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considering the collective effects of different factors such as interplays between multibody 
interactions and hydrodynamic conditions, and re-entrainment of adhered foulants. This led to 
discrepancies between experimental and theoretical results. Furthermore, fouling analysis by 
complex soft materials (such as microorganisms, mixtures of microorganisms, and mixtures of 
microorganisms and particulate materials) have not been given considerable attention although 
these cases are commonly encountered in well-known applications such as wastewater 
treatment, food processing, beverage industries, etc. Microfluidic techniques provide great 
opportunities in the study of these collective effects in both simple cases (pure soft matter 
suspensions) and complex dispersions of soft matters (interacting particles). 
 
The objective of this Thesis was to develop microfluidic systems with micrometric channels 
mimicking membrane microfiltration which allow direct observation of the fouling phenomena 
at pore scale together with determination of the dynamic variation of permeability during 
filtration of soft matter (colloidal particles and bacteria and their complex mixtures). It 
involved the analyses of the impacts of particles and bacteria suspensions composition (ionic 
strength, EPS presence, mixing of pure suspensions) and the operating conditions of the 
filtration (flow rate, pressure, microchannel geometries), and their couplings. The aim of 
performing these experimental analyses was to progress in the understanding of the fouling 
mechanisms by particles and microorganisms at microfluidic channels having the same size 
range. This provides a better knowledge of the fouling phenomena and the transport through 
the pores that control the efficiency of membrane processes. Thus, this Thesis emphasizes on 
progressing in the fouling analysis by answering the technical and scientific questions raised 
in the positioning of the Thesis (section 1.3). 
 
In the first part, microfluidic devices with micrometric channels were developed from 
polymeric materials (NOA and OSTEmerX 322 crystal clear) and silicon (using glass as a 
cover). The polymeric devices were fabricated by soft lithography and replica moulding 
techniques. These chips were fabricated by replicating the channel geometries from PDMS 
mould to the polymeric material on a glass slide and they have widths of 10 and 20 µm. The 
glass slide gives a rigid support to the thin polymer layer – an advantage compared to PDMS. 
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The chips were used for analysis of microparticles filtration dynamics. The reduced thickness 
of the polymer layer (few millimetres compared to some centimetres of PDMS layers) enabled 
us to track individual particles and to observe the particle capture at pore scale during filtration. 
Chips with smaller channel widths (2 to 5 µm) were fabricated with silicon by dry reactive-ion 
etching process aimed for bacterial streamer formation mechanisms analyses. Microfluidic 
devices with specific configuration have also been developed for continuous hydrodynamic 
separation of particles without applying any external forces by combining the classical 
filtration mechanisms in order to enhance performances of existing systems. These chips were 
designed with side outlets arranged at a given angle with the inlet flow direction and a permeate 
side. The angle for the side outlets was varied in order to analyse its effect on the critical flux. 
Chips with single stage separation and chips with cascades of separation stages with decreasing 
channel widths were fabricated for continuous fractionation of particles based on their size. 
These chips were developed for separations under critical conditions avoiding deposition of 
particles inside the channels and on the channel pillars at the entrances. Their performances 
were compared with cross-flow filtration chips based on the critical flux. Some separation 
experiments were performed with single stage separation chips and the ionic strength of the 
suspension was varied. The preliminary results showed that the fractionation chips with smaller 
side outlet angle gave the highest critical flux at intermediate ionic strength (10 mM). 
Comparison of these chips with the classical cross-flow filtration showed about 13.5 times 
higher critical flux (about 0.135 m/s) at intermediate ionic strength and about four-fold 
increment at low (about 0.068 m/s) and high (0.032 m/s) ionic strengths. The electrostatic 
interactions play important roles for these differences: the secondary energy minimum at 
intermediate ionic strength cause temporary deposition and translation of particles along the 
channel walls. These critical flux values are significantly higher than typical microfiltration 
flow velocities and, thus, these chips could be considered for commercial applications in 
hydrodynamic sorting of particles. 
 
The main scientific question on the filtration processes of colloidal particles is concerning the 
influence of the coupling of collective effects and hydrodynamics on the fouling and how the 
occurrence of clogs fragility affects the filtration dynamics. Filtration experiments of charge-
stabilized latex polystyrene microparticles have been realized at different flow rates/pressures 
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by varying the ionic strength (using KCl below the CCC) in order to explore the effects of 
coupling between DLVO-interactions and hydrodynamic conditions in the clogging dynamics 
of microchannels. The results were analysed by coupling direct transverse observations with 
dynamic permeability measurements to obtain both microscopic and macroscopic information 
about the clogging phenomena. The results evidenced frequent clogs formation and collapse 
events inducing permeability fluctuations. Different clogging dynamics were realized 
depending on the coupling of different flow rates (15, 30, 70 µL/min) and different interaction 
profiles of the suspensions at different ionic strengths (0.01 mM, 10 mM, 100 mM). No 
clogging of microchannels was observed when coupling low flow rate and high potential 
barrier conditions (0.01 mM, 15 µL/min) due to the low collision efficiency. The clogging 
dynamics was dominated by the shear fragility of clogs at high flow rate and high ionic 
strength. This was due to the formation of open clog structure similar to diffusion-limited 
aggregation mechanism: aggregates of particles are formed at the first contact. Clogs formed 
at conditions of high repulsion (0.01 mM) coupled with moderate to high flow rates (30 and 
70 µL/min) were robust - similar to reaction-limited aggregation mechanism: rearrangement 
of particles positions occurs after contact. These results revealed that the deposit morphology 
was dependent on the construction history. Significant clogging retardation in the clogging 
dynamics was observed at intermediate ionic strength which was attributed to the deposition 
of particles in the secondary energy minimum inducing gliding phenomena along the 
microchannels walls. Different clogging scenarios were hypothesized by making analogy of 
particle-particle interactions with crowd swarming. These scenarios include the panic scenario, 
the herding instinct scenario, and the sacrifice scenario. The panic scenario is a particular 
interaction which is exhibited at low ionic strength where the repulsion between particles 
induce pushing effects that can lead to the creation of robust arches at pore entrances. The 
herding instinct scenario is characterised by the attraction between particles in the secondary 
energy minimum at intermediate ionic strength forming cluster by a slippery bond that can 
enhance transport through the pore by pulling effects. On the other hand, the sacrifice scenario 
is characterized by high capture efficiency at high ionic strength due to high collision efficiency 
but the clogs formed at the pore entrances are fragile. All these analyses illustrate the 
importance of collective behaviour exhibited by interacting particles during fouling. 
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The biofouling phenomena by biological particles was investigated by analysing the streamer 
formation mechanisms by bacteria of different species. It has been found that the early stages 
of the filtration dynamics of biological particles was mainly characterized by the streamer 
formation which was controlled by the presence of EPS. The EPS synthesis was in turn 
extremely sensitive to the carbon to nitrogen ratio in the substrate: high EPS production was 
observed at high carbon to nitrogen ratio. Thus, EPS (and hence the bacterial cultivation 
conditions) plays exceedingly significant role in the streamer formation. The streamer 
formation was also influenced by the hydrodynamic conditions such as the flow rate and the 
microchannels geometries (size, tortuosity). The presence of secondary flow in the tortuous 
microchannels and moderate flow rate enhanced the streamer formation dynamics. The 
morphology of the streamers formed in the downstream zone of the filter was influenced by 
the geometry of the microchannels. Furthermore, co-cultivation of EPS producing bacterial 
species with non-EPS producing species enhanced the streamer formation. Different factors 
could be attributed to this enhancement such as cooperative growth of the two species which 
might improve the concentration and the adhesive properties of the EPS to surfaces, the 
symbiotic relationships might enhance the EPS production, increased substrate utilization 
might occur improving the EPS production, increased viscosity of the suspension might 
enhance the streamer formation, or combinations of these factors might enhance the streamers.    
 
Under the same hydrodynamic conditions, comparison of filtration dynamics of colloidal 
particles and biological particles revealed different clogging mechanisms. Colloidal particles 
formed deposits in the upstream zone of the microchannels in which the clog formation was 
initiated either by arches formation in the high shear stress region (i.e., at entrances of the 
microchannels) or by successive deposition of particles in the forward flow stagnation points 
(i.e., on the pillars of the microchannels). Bacteria formed streamers in the downstream zone 
of the microchannels. The streamer formation was mainly initiated by bacterial adhesion in the 
high shear flow field at the entrances of the microchannels. The most interesting and surprising 
result of our experimental works was that the clogging dynamics of colloidal particles was 
significantly modified by the presence of bacteria in the suspension. Normally, it is expected 
that the addition of materials (bacteria) to the colloidal particles suspension should increase the 
fouling or reduce the clogging time. However, compared to pure colloidal particles filtration, 
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the filtration dynamics of mixed colloidal particles and bacteria showed an important delay in 
the initiation of clogging and resulted in the formation of more fragile dendritic clogs in the 
early stages of the filtration. The delay in clogging was more pronounced at intermediate ionic 
strength (77 mM). This significant deceleration in the clogging dynamics could most probably 
be due to the modification of the interparticle interactions by the presence of bacteria in the 
suspension. This enables us to conclude that the complex interactions between colloidal 
particles and microorganisms and their interplay may change the retention of both species in 
commercial applications such as in wastewater treatment plants and activated sludge 
treatments, deterring the performances of these processes.  
 
Finally, it can be affirmed that this Thesis provides a better understanding of the fouling 
phenomena at microscale by considering the coupling of conditions and by employing complex 
soft matter suspensions. The Thesis paves the way on the analysis of fouling by complex 
mixture of materials which is commonly encountered in many industrial applications. From 
detailed knowledge of fouling phenomena at pore scale, proactive strategies could be 
developed to predict and control fouling and this Thesis can be considered as a pin point 
towards this approach. However, there are opportunities to make more advancements in terms 
of the technical and scientific prospects. 
 
As further developments of this Thesis, there are a number of interesting opportunities on the 
different parts.  
Concerning the chips developed for the continuous hydrodynamic fractionation of particles, 
the preliminary results of the experiments using single staged chips are promising. However, 
we were not able to perform experiments using the chips with cascades (three stage 
separations) due to time shortage. Thus, fractionation experiments of wide range of 
microparticles could be performed without deposition by careful control of the permeate side 
pressure and the side outlets pressures. The selectivity of the separation process could be 
optimized by playing with the flow conditions and by optimizing the designs with simulations. 
These chips could provide an opportunity to realise separation in lab-on-chip devices. 
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The study of the streamer formation mechanisms could be more detailed by doing experiments 
with fluorescence by marking the cells and the exopolysaccharides at higher magnification to 
access information on the initial adhesion of the bacterial cell and the structural arrangements 
of the cells and the EPS in the streamers. This could also provide more information about the 
effect of microchannels geometries on the morphology of streamers. When dealing with 
mixtures of EPS producing (Enterobacter A47) and non-EPS producing (Cupriavidus necator) 
bacteria, the later species could be marked by marking polyhydroxyalcanoate (PHA), produced 
intracellularly by this bacterium, and this could indicate the influence of the non-EPS 
producing bacteria on the streamer formation. Thus, further analyses on the streamer formation 
by complex cultures could be made by considering these possibilities. Chips with nanometric 
channels were developed to analyse the transfer of individual bacterial cells but we never used 
them due to time shortage. Bacteria suspension filtration experiments with these chips could 
provide information about the gliding of bacterial cells on surfaces under flow. These types of 
chips could also be integrated with membranes to realize small scale fractionations and could 
also provide opportunities for separation in lab-on-chip devices.   
 
The experimental results by using complex mixtures of colloidal particles and bacteria could 
be further substantiated by considering mixtures of different concentrations of particles and 
bacteria. It has been observed in our results that the clogging by bacteria depends on the 
bacterial cell concentration. It is also obvious that volume fraction of particles significantly 
influences the clogging dynamics. Thus, it could be interesting to perform filtrations of 
different volume fraction mixtures of particles and bacteria at wide ranges of suspension ionic 
strengths. This could help better understand how the interparticle interactions between colloids 
and bacteria at different concentrations of these soft matters affect the clogging dynamics. 
Experiments with mixtures of different bacterial species helps know the effect of bacterial 
consortia in filtration processes. It is obvious that there is a lot of research work and better 
understanding in systems biology but the knowledge on the interaction of different systems 
and their consequences in industrial applications are limited. Thus, there is a need to progress 
in this area by dealing with complex systems.      
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The results obtained with colloidal particles and the different scenarios (the panic, the herding 
instinct, and the sacrifice scenarios) are experimental data that could be used interpret new 
simulations of interacting particles under flow. There are a number of opportunies to deal with 
related to these experimental data such as ‘is it possible to simulate the herding instinct 
scenario?’. The clogging delay observed during filtration of colloidal particles and bacteria 
mixtures is also interesting to be considered for theoretical analysis. Thus, developing 
theoretical models for the clogging dynamics of both colloidal particles and bacteria could help 
fully describe the dynamics and to evaluate the separation efficiency during filtration 
processes.      
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Annex A: Process document for fabrication of microchannels by DRIE 
  
Step Process Process parameters Comment 
I. THERMAL OXIDATION OF WAFERS 
1. Prefurnace clean HNO3 (standard wafer cleaning) #clean1001 
1 Substrate Silicon 
<110> P-type 
(#subs110) 
NL-CLR-Wafer Storage Cupboard 
Orientation: <110> 
Diameter: 100mm ± mm 
Thickness: 380µm ± 10 μm 
Polished: Double side polished (DSP) 
Resistivity: 5-10Ωcm 
Type: p 
 
Not chosen for 
orientation but 
for it is thinner 
(380µm) than 
normal wafers 
(525µm for 
<100>) 
2 Clean HNO3-1  
(#clean102) 
NL-CLR-WB14 
• beaker 1: HNO3 (99%) 5min 
 
 
3 Clean HN03-2 
 (#clean138) 
NL-CLR-WB14 
• beaker 2: HNO3 (99%) 5min 
 
 
4 Quick Dump 
Rinse (QDR) 
(#clean119) 
NL-CLR-Wet benches 
Recipe 1 QDR:  2 cycles of steps 1 till 3,  
1- fill bath 15 sec 
2- spray dump 15 sec 
3- spray-fill 40 sec 
4- end fill 500 sec 
Recipe 2 cascade rinsing: continuous flow 
Rinse till the DI resistivity is > 10 ΩM  
 
 
5 Clean HNO3-3a/b 
(#clean 118) 
NL-CR-WB14 
beaker 3a/b: HNO3 (69%),  
• temp 95°C, 
• time > 10min 
 
 
6 Quick Dump 
Rinse (QDR) 
(#clean119) 
NL-CLR-Wet benches 
Recipe 1 QDR:  2 cycles of steps 1 till 3,  
1- fill bath 15 sec 
2- spray dump 15 sec 
3- spray-fill 40 sec 
4- end fill 500 sec 
In case of 
using the 
Semitool for 
rinsing/drying 
a single 
rinsing step 
(QDR) is 
required. 
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Recipe 2 cascade rinsing: continuous flow 
Rinse till the DI resistivity is > 10 ΩM  
 
7 Substrate drying  
(#clean120) 
NL-CLR-WB 
Single wafer dryer 
• speed: 2500 rpm, 60 sec with 30 sec N2 flow 
 
 
2. Wet oxidation of silicon @1150°C (B2) #film114 
8 Wet oxidation of 
Silicon (UCL) 
(#film114) 
NL-CLR- Furnace B2 
Standby temperature: 800°C 
Check water level of bubbler 
Check water temp. 85 °C 
Program: WET1150B 
• Temp.: 1150°C 
• Gas: H2O + N2 (Bubbler) 
• N2 Flow: 2 liter/min 
• Ramp: 10 °C/min 
• Cooldown: 7.5 °C/min 
 
 
9 Stripping 
of resist in oxygen 
plasma  
(#lith117) 
NL-CLR- Tepla 300E 
• Barrel Etcher (2.45 GHz) 
• Multipurpose sytem 
• O2 flow: 200sccm (50%) 
• Power: 500W 
• Pressure: 1.2 mbar 
Values for olin oir resist: 
• Time: 10 min for 1-3 wafers, 400 nm/min 
• Time: 20 min for 4-10 wafers 
• End point detection by visual inspection of the 
plasma color.  
• Blue color means still photoresist on the 
wafer, purple means clean. 
 
Oxygen 
plasma 
cleaning and 
dehydration - 
(recipe 3-
Descum) for 5 
min. 
10 Ellipsometer 
measurement 
(#metro107) 
NL-CLR-Plasmos Ellipsometer 
 
 
II. TOP SIDE PROCESSING 
3. Development of positive resist mask (adjusted recipe #lith1002) 
11 Vapor prime 
HMDS 
 (#lith103) 
NL-CLR-WB28 
• Furnace: Lab-line Duo-vac-oven 
• Dehydration bake (150°C, low pressure): 5 
min 
• Vapor prime HMDS at 150 °C: 5 min 
 
  
 
 
 
 
• Before coating let cooldown the wafers to 
room temperature 
 
12 Coating Olin Oir 
907-17  
(#lith105) 
NL-CLR-WB21 
Coating: Primus spinner 
• olin oir 907-17 
• spin Program: 4000 (4000rpm, 30sec) 
Prebake: hotplate  
• time 60 sec 
• temp 95 °C 
 
 
13 Alignment & 
Exposure Olin 
OiR 907-17 
(#lith121) 
NL-CLR- EV620 
Electronic Vision Group EV620 Mask Aligner 
• Hg-lamp: 12 mW/cm 2 
• Exposure Time: 4.5 sec 
 
 
14 Development Olin 
OiR resist 
(#lith111) 
NL-CLR-WB21 
After exposure Bake: hotplate 
• time 60sec 
• temp 120°C  
development: developer: OPD4262 
• time: 30sec in beaker 1 
• time: 15-30sec in beaker 2 
 
 
15 Quick Dump 
Rinse (QDR) 
(#clean119) 
NL-CLR-Wet benches 
Recipe 1 QDR:  2 cycles of steps 1 till 3,  
1- fill bath 15 sec 
2- spray dump 15 sec 
3- spray-fill 40 sec 
4- end fill 500 sec 
Recipe 2 cascade rinsing: continuous flow 
Rinse till the DI resistivity is > 10 ΩM  
 
 
16 Substrate drying  
(#clean120) 
NL-CLR-WB 
Single wafer dryer 
• speed: 2500 rpm, 60 sec with 30 sec N2 flow 
 
 
17 Inspection by 
optical 
microscope  
(#metro101) 
NL-CLR- Nikon Microscope 
• dedicated microscope for lithography 
inspection 
 
 
4. Etching of SiO2 and Si, and removing resist 
18 DRIE of SiO2 
(#etch157 
NL-CLR- Adixen AMS 100 DE  
Application: < 5 μm etch depth 
Alternative for 
the Adixen DE 
is to use the 
Adixen SE 
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Parameters Value 
C4F8 [sccm] 20 
He [sccm] 150 
CH4 [sccm] 15 
He-backside cooling 10 
ICP [watt] 2800 
CCP [Watt] 350 
p [mbar] 8.5 10-3 
Electrode temp.[°C] - 10 
Substrate 
height [mm] 
120 
Etchrate SiO2 
[μm/min] 
0.470-0.530 
Etchrate Olin 907 
[nm/min] 
ca.  50 
Etchrate α-Si 
(nm/min) 
 
Etchrate SiRN 
[μm/min] 
ca. 30- 100- 
variable !!! 
Time = 2:30 min 
 
with the recipe 
[Beuken met 
Rolent] to etch 
the SiO2 ER = 
0.222 µm/min 
Contact Jan 
van 
Nieuwkasteele 
for the recipe. 
ME 318, tel: 
2962 
 
Time = 4:30 
min 
Oxide 
thickness ≈ 
1µm  
19 DRIE of Silicon  
BEDi4OX 
(#)  
NL-CLR-Adixen SE 
program: C. CONT500 
Adjusted Bosch recipe. 
Etching rate ≈ 6µm/min and is loading 
dependent 
 
Contact Jan 
van 
Nieuwkasteele 
for the recipe. 
ME 318, tel: 
2962  
20 Surface profile 
measurement 
(#metro105) 
NL-CLR-Veeco Dektak 8 
 
 
21 Stripping of resist 
in oxygen  
plasma (#lith142) 
NL-CLR-Tepla300 
Barrel Etcher (2.45 GHz) 
Ultra clean system only (no metals except Al) 
 See list with recipes in CR 
• O2 flow: 200sccm (50%) 
• Power: up to 1000W 
• Pressure: 1 mbar 
 
Time ≈ 30-45 
min 
III. BOTTOM SIDE PROCESSING 
  
 
 
 
 
5. Development of positive resist mask (adjusted recipe #lith1003) 
22 Vapor prime 
HMDS 
 (#lith103) 
NL-CLR-WB28 
• Furnace: Lab-line Duo-vac-oven 
• Dehydration bake (150°C, low pressure): 5 
min 
• Vapor prime HMDS at 150 °C: 5 min 
• Before coating let cooldown the wafers to 
room temperature 
 
If the wafers 
are not 
processed 
directly clean 
again using 
oxygen 
plasma. 
23 Lithography - 
Coating Olin OiR 
908-35 
(#lith106) 
NL-CLR- WB21 
Coating: Primus coater  
• Olin OiR 908-35 
• Spin Program: 2000 (2000rpm, 30sec) 
 Prebake: Hotplate  
• Time 180s 
• temp 95 °C 
 
 
24 Alignment & 
Exposure Olin 
908-35  
(#lith122) 
NL-CLR- EV620 
• Electronic Vision Group EV620 Mask Aligner 
• Hg lamp: 12 mW/cm 2 
• Exposure Time: 12 sec 
 
 
25 Development Olin 
OiR resist 
(#lith111) 
NL-CLR-WB21 
development: developer: OPD4262 
• time: 30sec in beaker 1 
• time: 15-30sec in beaker 2 
 
No After 
exposure bake 
required. 
Possible to 
bake at 120oC 
for some time. 
26 Quick Dump 
Rinse (QDR) 
(#clean119) 
NL-CLR-Wet benches 
Recipe 1 QDR:  2 cycles of steps 1 till 3,  
1- fill bath 15 sec 
2- spray dump 15 sec 
3- spray-fill 40 sec 
4- end fill 500 sec 
Recipe 2 cascade rinsing: continuous flow 
Rinse till the DI resistivity is > 10 ΩM  
 
 
27 Substrate drying  
(#clean120) 
NL-CLR-WB 
Single wafer dryer 
• speed: 2500 rpm, 60 sec with 30 sec N2 flow 
 
Inspect by 
optical 
microscope 
(metro101).  
28 Dupont MX 5020 
foil for DRIE 
(#lith192) 
NL-CLR- Litho area 
Material: Dupont MX5020 foil  
Application: wafer through etching using 
Adixen SE 
Apply to top 
side. 
 
Before foil, 
the wafer (Si) 
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Procedure: appling MX5020 
• Start with the lithography process for etching 
mask 
• Remove plastic protection (has no 
color)  from backside of the foil  
• Apply the foil to the wafer with a roller 
• Avoid  air bubbles, retract the foil if bubbles 
are present 
• Protect the photoresist mask with a blue A4 or 
bare silicon wafer during laminating,  
• DO NOT use blue tissue, this will get  stuck in 
the laminator 
• Guide the wafer with foil by hand  through the 
laminator, Temp 90°C, speed 2 
• After laminating, the foil will stick to the A4 
paper.  
• Cut around the wafer (leave 1 cm) to separate 
the A4 paper from the wafer 
• Remove plastic protection foil carefully 
• After removing the plastic protection foil, cut-
off excess of the blue foil. This should be done 
accurately, no foil 
   Residue should be on the topside of the wafer, 
otherwise the wafer can get stuck in the Adixen 
dry etcher. 
• Check if the foil on the outer-edge of the 
wafer is smooth and does not contain undesired 
foil residue.  
   This is important to ensure proper helium-
backside cooling in the Adxien dry etcher. 
• Before DRIE etching remove the plastic 
protection foil! 
 
DRIE Adixen: Temperature range: -100°C up 
to 20 °C. 
Removal of MX5020 
• Start with O2 plasma in Tepla 300E (metals 
are allowed) 
• Continue with HN03 (99%)  
• Optional: a piranha (private use, WB9) only 
when the substrate is metal free! 
 
is etched half 
way for 15 
min after 
opening the 
oxide. 
 
Fold in A4 
Protect with 
blank wafer  
6. Etching of SiO2 and Si, and removing resist 
  
 
 
 
 
29 DRIE of SiO2 
(#etch157) 
NL-CLR- Adixen AMS 100 DE  
Application: < 5 μm etch depth 
Parameters Value 
C4F8 [sccm] 20 
He [sccm] 150 
CH4 [sccm] 15 
He-backside cooling 10 
ICP [watt] 2800 
CCP [Watt] 350 
p [mbar] 8.5 10-3 
Electrode temp.[°C] - 10 
Substrate 
height [mm] 
120 
Etchrate SiO2 
[μm/min] 
0.470-0.530 
Etchrate Olin 907 
[nm/min] 
ca.  50 
Etchrate α-Si 
(nm/min) 
 
Etchrate SiRN 
[μm/min] 
ca. 30- 100- 
variable !!! 
  
 
Alternative for 
the Adixen DE 
is to use the 
Adixen SE 
with the recipe 
[Beuken met 
Rolent] to etch 
the SiO2 
ER = 0.222 
µm/min 
 
Contact Jan 
van 
Nieuwkasteele 
for the recipe. 
 ME 318, tel:  
2962  
30 DRIE of Silicon - 
B-uniform - 
Stefan 
(# ID etch164) 
 
NL-CLR-Adixen SE 
Contact Meint de Boer for flow settings! 
Application: Uniform/high speed silicon 
etching 
Parameters Etch Deposition 
Gas SF6 C4F8 
Flow sccm 400 10?? 
Time sec 13 2 
Priority 2 1 
APC % 15 15 
ICP Watt 2500 2500 
CCP Watt 10 10 
Pulsed (LF) 
ms. 
35on/65off 35on/65 off 
He mBar 10 10 
SH mm 110 110 
Electrode 
temp.°C. 
10 10 
Adjusted 
recipe, 
Contact Jan 
van 
Nieuwkasteele 
ME 318, tel: 
2962 Check 
depth with 
Dektak!  
 
Stick capton 
tape over 
alignment 
marks! 
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Er Olin907 
[nm/min] 
<125   
Er silicon 
[µm/min] 
10-20  
 
 
31 Stripping of resist 
in oxygen  
plasma (#lith142) 
NL-CLR-Tepla300 
Barrel Etcher (2.45 GHz) 
Ultra clean system only (no metals except Al) 
 See list with recipes in CR 
• O2 flow: 200sccm (50%) 
• Power: up to 1000W 
• Pressure: 1 mbar 
 
Stripping of 
resist and foil 
for 1hr. 
32 Ultrasonic 
cleaning DI  
(#clean101) 
NL-CLR-WB6 
Removal of particles generated by encoding and 
cleaving! 
Use dedicated beakers and wafer holder  
Use ultrasonic bath  
• Time >10min 
 
 
33 Stripping resist 
in piranha 
private 
use (#lith195) 
NL-CLR-WB09 
Application: stripping of resist  
Mixture: H2SO4:H2O2 (3:1) vol% 
• add H2O2 slowly! to H2SO4 (exothermic 
process!!) 
• due to mixing the temperature will increase to 
.....130°C 
• adjust the hotplate at 85 °C,   
• temperature: 130°C 
• time: depends in application ( 10- 30min) 
 
 
34 Quick Dump 
Rinse (QDR) 
(#clean119) 
NL-CLR-Wet benches 
Recipe 1 QDR:  2 cycles of steps 1 till 3,  
1- fill bath 15 sec 
2- spray dump 15 sec 
3- spray-fill 40 sec 
4- end fill 500 sec 
Recipe 2 cascade rinsing: continuous flow 
Rinse till the DI resistivity is > 10 ΩM  
 
 
35 Substrate drying  
(#clean120) 
NL-CLR-WB 
Single wafer dryer 
• speed: 2500 rpm, 60 sec with 30 sec N2 flow 
 
 
7. Prefurnace clean and removing of fluorocarbons and SiO2 
(adjusted #clean1008) 
  
 
 
 
 
36 Clean HNO3-1  
(#clean102) 
NL-CLR-WB14 
• beaker 1: HNO3 (99%) 5min 
 
 
37 Clean HN03-2                   NL-CLR-WB14 
 (#clean138)                       • beaker 2: HNO3 (99%) 5min 
 
38 Quick Dump 
Rinse (QDR) 
(#clean119) 
NL-CLR-Wet benches 
Recipe 1 QDR:  2 cycles of steps 1 till 3,  
1- fill bath 15 sec 
2- spray dump 15 sec 
3- spray-fill 40 sec 
4- end fill 500 sec 
Recipe 2 cascade rinsing: continuous flow 
Rinse till the DI resistivity is > 10 ΩM  
 
 
39 Clean HNO3-3a/b 
(#clean 118) 
NL-CR-WB14 
beaker 3a/b: HNO3 (69%),  
• temp 95°C, 
• time > 10min 
 
 
40 Quick Dump 
Rinse (QDR) 
(#clean119) 
NL-CLR-Wet benches 
Recipe 1 QDR:  2 cycles of steps 1 till 3,  
1- fill bath 15 sec 
2- spray dump 15 sec 
3- spray-fill 40 sec 
4- end fill 500 sec 
Recipe 2 cascade rinsing: continuous flow 
Rinse till the DI resistivity is > 10 ΩM  
 
In case of 
using the 
Semitool for 
rinsing/drying 
a single 
rinsing step 
(QDR) is 
required. 
41 Substrate drying  
(#clean120) 
NL-CLR-WB 
Single wafer dryer 
• speed: 2500 rpm, 60 sec with 30 sec N2 flow 
 
 
42 Dry Oxidation of 
silicon at 800°C  
(#film126) 
NL-CLR-Furnace B3 
• Standby temperature: 800°C 
• Program: Ox800 
• Temp.: 800°C 
• Gas: O2 
• Flow: 1 l/min 
 
Time 90 min, 
Important: 
purge the 
furnace for 5 
min with 
oxygen and 
then load the 
wafers! 
43 Etching in BHF 
(1:7)  
(#etch124) 
NL-CLR-WB06/12 
Use dedicated beaker BHF (1:7) 
• temp.: 20°C. 
Etchrates:  
Thermal SiO2:60-80nm/min 
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PECVD SiO2 :125/nm/min 
TEOS-old SiO2 :180/nm/min 
TEOS H3 (new) :242 nm/min 
Si3N4-H2: 0,64 nm/min 
 
44 Quick Dump 
Rinse (QDR) 
(#clean119) 
NL-CLR-Wet benches 
Recipe 1 QDR:  2 cycles of steps 1 till 3,  
1- fill bath 15 sec 
2- spray dump 15 sec 
3- spray-fill 40 sec 
4- end fill 500 sec 
Recipe 2 cascade rinsing: continuous flow 
Rinse till the DI resistivity is > 10 ΩM  
 
 
45 Substrate drying  
(#clean120) 
NL-CLR-WB 
Single wafer dryer 
• speed: 2500 rpm, 60 sec with 30 sec N2 flow 
 
 
IV. BONDING 
8. Cleaning both glass and Si wafers for bonding (adjusted 
#clean1024) 
46 Clean HNO3 1&2 
(#clean105) 
NL-CLR-WB16 
• Beaker 1: HNO3 (99%) 5min 
• Beaker 2: HNO3 (99%) 5min 
 
with Glass 
Borofloat 
BF33 
47 Quick Dump 
Rinse (QDR) 
(#clean119) 
NL-CLR-Wet benches 
Recipe 1 QDR:  2 cycles of steps 1 till 3,  
1- fill bath 15 sec 
2- spray dump 15 sec 
3- spray-fill 40 sec 
4- end fill 500 sec 
Recipe 2 cascade rinsing: continuous flow 
Rinse till the DI resistivity is > 10 ΩM  
 
 
48 Substrate 
transport in 
DI between WB 
 (#clean141) 
NL-CLR-Wet benches 
Substrate transport in beaker with Demiwater 
• use always waferholder of next step/wet bench 
for transport ! 
 
Optional or 
continue with 
clean120 
49 Substrate drying  
(#clean120) 
NL-CLR-WB 
Single wafer dryer 
• speed: 2500 rpm, 60 sec with 30 sec N2 flow 
 
 
50 Manually 
Aligning & 
NL-CLR-WB16 
• Contact wafers manually 
• Apply light pressure with tweezers 
 
  
 
 
 
 
Prebonding  
(#bond101) 
• If necessary use tweezers to press out air-
bubbles 
• Check prebonding by using IR-setup 
 
51 EV501 Anodic 
bonding 
 (#bond105) 
NL-CLR-EVG /EV501 bond tool 
• Temperature 400°C 
• Vacuum better then 10-1 mbar 
• High voltage 1000 Volt 
• Pressure 300 N 
• Total process time 2 hours 
• First wafer Silicon 
• Second wafer Pyrex/Borofloat glass 
• Alignment can be done with EV620 
maskaligner 
  
 
  
 
 
52 UV dicing foil 
(Adwill D-210) 
(#back104) 
Nl-CLR- Dicing foil 
Information: 
Thickness: 125um 
Material: 100um PET + 25um Acrylic 
(adhesive) 
Adhesion before UV:  2000 mN/25mm 
Adhesion after UV:  15 mN/25mm 
UV irradiation: Luminance > 
120mW/cm2 and  Quality > 70mJ/cm2  (wave 
length: 365nm) 
 
  
 
To Clean Na 
contamination: 
Apply foil at 
the back side 
of silicon 
wafer to avoid 
water getting 
into the 
channels 
53 Quick Dump 
Rinse (QDR) 
(#clean119) 
NL-CLR-Wet benches 
Recipe 1 QDR:  2 cycles of steps 1 till 3,  
1- fill bath 15 sec 
2- spray dump 15 sec 
3- spray-fill 40 sec 
4- end fill 500 sec 
Recipe 2 cascade rinsing: continuous flow 
Rinse till the DI resistivity is > 10 ΩM  
 
 
54 Substrate drying  
(#clean120) 
NL-CLR-WB 
Single wafer dryer 
• speed: 2500 rpm, 60 sec with 30 sec N2 flow 
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55 Alignment & 
Exposure BF410 
foil 
(#lith134) 
Carre-TST- exposure Tool 
• Time: 300sec 
Exposure of UV Curable dicing foil Adwill D-210 
UV flood 
exposure of 
UV curable 
dicing foil 
Adwill D-210 
for 5 minutes 
to strip it from 
the wafer. 
56 UV dicing foil 
(Adwill D-210) 
(#back104) 
Nl-CLR- Dicing foil 
Information: 
Thickness: 125um 
Material: 100um PET + 25um Acrylic 
(adhesive) 
Adhesion before UV:  2000 mN/25mm 
Adhesion after UV:  15 mN/25mm 
UV irradiation : Luminance > 
120mW/cm2 and  Quality > 70mJ/cm2  (wave 
length: 365nm) 
 
  
 
Cover both 
sides. 
57 Dicing of a Silicon 
wafer 
(#back101) 
Nl-CLR- Disco DAD dicing saw 
Applications: 
Silicon wafers, bonded silicon-silicon wafers 
(max 1.1mm) 
See #back103 for laminate of Nitto STW T10 
dicing foil (80 μm) 
See #back104 for laminate of UV dicing foil 
(250μm) 
  
Parameters dicing: 
Wafer work size: 110 mm for a standard 100 
mm silicon wafer  
Max. Feed speed: 10 mm/sec 
X, Y values: correspond respectively to Ch1 
and Ch2 and those values are determined by 
mask layout 
Saw type NBC-Z 2050 
Select in blade menu:  NBC-Z-2050 
 
Blade info: 
Exposure 
 1.3 mm (maximum dicing depth for a new 
blade) 
 
  
 
 
 
 
Width:                  50 um 
Spindle revolutions: 30. 000 rpm 
Depth settings: 
                Maximum cut depth:          1.1 mm 
Foil thickness:                    See foil info 
                Min. blade height: 50 μm 
 
58 
 
Carre-TST- exposure Tool 
• Time: 300sec 
Exposure of UV Curable dicing foil Adwill D-210 
UV flood 
exposure of 
UV curable 
dicing foil 
Adwill D-210 
for 5 minutes 
to strip it from 
the wafer. 
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Annex B: Process document for fabrication of nanochannels by DRIE and 
Wet Etching 
 
Step Process Process parameters Comment 
 Thermal oxidation of wafers 
Prefurnace clean HNO3 (standard wafer cleaning) #clean1001 
1 Substrate - Silicon 
<100> DSP 
(#subs102) 
NL-CLR- Wafer Storage Cupboard 
Orientation: <100> 
Diameter: 100mm 
Thickness: 525µm +/- 25µm 
Polished: Double side 
Resistivity: 5-10Ωcm 
Type: p 
 
 
2 Cleaning 
ozone/steam 
(UCL) 
(#clean142) 
NL-CLR-WB12  
Application of organic and inorganic 
contamination for UCL applications (metal 
free). 
 
Standard program:  is 5 cleaning cycles, this 
suffices to remove also 1.7 μm olin Oir resist. 
1 rinse cycle consists of 3 subcycles of 1 min 
ozone/steam followed by 5s DI spray. 
Afterwards the reactor is filled one time with 
DI and subsequently dumped;  
a clean reactor free of gasses is obtained after 
each cycle. 
parameters:  
• time: 45 min  
• temp. reactor 95 °C. 
• temp. demiwater 80 °C 
 
Ultra Clean 
Line - Front 
End. Select the 
resist thickness 
-> normal 
resist thickness 
-> Start 
3 Etching in 1% HF 
multpurpose 
(#etch192) 
NL-CLR-WB16 
multipurpose 
use dedicated beaker HF 1% 
• temp.: 20 °C.  
• time: depends on application 
 
This is to 
remove the 
already 
existing oxide 
layer so that 
the oxide layer 
can be formed 
in a controlled 
manner with 
hot HNO3 
(69%, 95oC) 
  
 
 
 
 
4 Quick Dump 
Rinse (QDR) 
(#clean119) 
NL-CLR-Wet benches 
Recipe 1 QDR:  2 cycles of steps 1 till 3,  
1- fill bath 15 sec 
2- spray dump 15 sec 
3- spray-fill 40 sec 
4- end fill 500 sec 
Recipe 2 cascade rinsing: continuous flow 
Rinse till the DI resistivity is > 10 ΩM  
 
 
5 Clean HNO3-3a/b 
(#clean 118) 
NL-CR-WB14 
beaker 3a/b: HNO3 (69%),  
• temp 95°C, 
• time > 10min 
 
This is to form 
native oxide 
layer (about 
1.5 nm thick). 
6 Quick Dump 
Rinse (QDR) 
(#clean119) 
NL-CLR-Wet benches 
Recipe 1 QDR:  2 cycles of steps 1 till 3,  
1- fill bath 15 sec 
2- spray dump 15 sec 
3- spray-fill 40 sec 
4- end fill 500 sec 
Recipe 2 cascade rinsing: continuous flow 
Rinse till the DI resistivity is > 10 ΩM  
 
In case of 
using the 
Semitool for 
rinsing/drying 
a single rinsing 
step (QDR) is 
required. 
7 Substrate drying  
(#clean120) 
NL-CLR-WB 
Single wafer dryer 
• speed: 2500 rpm, 60 sec with 30 sec N2 flow 
 
 
Top side processing 
Development of positive resist mask (adjusted recipe #lith1002) 
8 Vapor prime 
HMDS 
 (#lith103) 
NL-CLR-WB28 
• Furnace: Lab-line Duo-vac-oven 
• Dehydration bake (150°C, low pressure): 5 
min 
• Vapor prime HMDS at 150 °C: 5 min 
• Before coating let cooldown the wafers to 
room temperature 
 
Priming is 
done using the 
HMDS oven 
9 Coating Olin Oir 
906-12  
(#lith104 
NL-CLR-WB21 
Coating: Primus Spinner  
• olin OIR 906-12 
• spin Program: 4000 (4000rpm, 30sec) 
Prebake: hotplate 
• time 60s 
• temp 95°C 
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10 Alignment & 
exposure Olin 
906-12  
(#lith120) 
NL-CLR- EV620 
Electronic Vision Group EV620 Mask Aligner 
• Hg lamp: 12 mW/cm 2 
• exposure time: 3sec 
 
The exposure 
time is 
increased to 5 
sec to improve 
the resolution. 
11 Development Olin 
OiR resist 
(#lith111) 
NL-CLR-WB21 
After exposure Bake: hotplate 
• time 60sec 
• temp 120°C  
development: developer: OPD4262 
• time: 30sec in beaker 1 
• time: 15-30sec in beaker 2 
 
 
12 Quick Dump 
Rinse (QDR) 
(#clean119) 
NL-CLR-Wet benches 
Recipe 1 QDR:  2 cycles of steps 1 till 3,  
1- fill bath 15 sec 
2- spray dump 15 sec 
3- spray-fill 40 sec 
4- end fill 500 sec 
Recipe 2 cascade rinsing: continuous flow 
Rinse till the DI resistivity is > 10 ΩM  
 
 
13 Substrate drying  
(#clean120) 
NL-CLR-WB 
Single wafer dryer 
• speed: 2500 rpm, 60 sec with 30 sec N2 flow 
 
 
14 Inspection by 
optical 
microscope  
(#metro101) 
NL-CLR- Nikon Microscope 
• dedicated microscope for lithography 
inspection 
 
 
Wet Etching of SiO2 and Si, and removing resist 
15 Etching 1% HF 
(#etch210) 
NL-CLR-WB06 
use Beaker HF with 1% 
• time variable 
• native oxide strip 1 min or hydrofobic surface 
Etchrate for: 
TEOS H3 = 28 nm/min 
Si3N4 H2 = .33 nm/min 
 
 
16 Quick Dump 
Rinse (QDR) 
(#clean119) 
NL-CLR-Wet benches 
Recipe 1 QDR:  2 cycles of steps 1 till 3,  
1- fill bath 15 sec 
2- spray dump 15 sec 
3- spray-fill 40 sec 
4- end fill 500 sec 
 
  
 
 
 
 
Recipe 2 cascade rinsing: continuous flow 
Rinse till the DI resistivity is > 10 ΩM  
 
17 Substrate drying  
(#clean120) 
NL-CLR-WB 
Single wafer dryer 
• speed: 2500 rpm, 60 sec with 30 sec N2 flow 
 
 
18 Ellipsometer 
measurement 
(#metro107) 
NL-CLR-Plasmos Ellipsometer 
 
The profile is 
measured by 
photosensitive 
method. 
Development of positive resist mask (adjusted recipe #lith1002) 
19 Stripping 
of resist in oxygen 
plasma  
(#lith117) 
NL-CLR- Tepla 300E 
• Barrel Etcher (2.45 GHz) 
• Multipurpose sytem 
• O2 flow: 200sccm (50%) 
• Power: 500W 
• Pressure: 1.2 mbar 
Values for olin oir resist: 
• Time: 10 min for 1-3 wafers, 400 nm/min 
• Time: 20 min for 4-10 wafers 
• End point detection by visual inspection of 
the plasma color.  
• Blue color means still photoresist on the 
wafer, purple means clean. 
 
Oxygen 
plasma 
cleaning and 
dehydration - 
(recipe 3-
Descum) for 5 
min. 
20 Vapor prime 
HMDS 
 (#lith103) 
NL-CLR-WB28 
• Furnace: Lab-line Duo-vac-oven 
• Dehydration bake (150°C, low pressure): 5 
min 
• Vapor prime HMDS at 150 °C: 5 min 
• Before coating let cooldown the wafers to 
room temperature 
 
 
21 Coating Olin Oir 
907-17  
(#lith105) 
NL-CLR-WB21 
Coating: Primus spinner 
• olin oir 907-17 
• spin Program: 4000 (4000rpm, 30sec) 
Prebake: hotplate  
• time 90 sec 
• temp 95 °C 
 
 
22 Alignment & 
Exposure Olin 
OiR 907-17 
(#lith121) 
NL-CLR- EV620 
Electronic Vision Group EV620 Mask Aligner 
• Hg-lamp: 12 mW/cm 2 
• Exposure Time: 4sec 
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23 Development Olin 
OiR resist 
(#lith111) 
NL-CLR-WB21 
After exposure Bake: hotplate 
• time 60sec 
• temp 120°C  
development: developer: OPD4262 
• time: 30sec in beaker 1 
• time: 15-30sec in beaker 2 
 
 
24 Quick Dump 
Rinse (QDR) 
(#clean119) 
NL-CLR-Wet benches 
Recipe 1 QDR:  2 cycles of steps 1 till 3,  
1- fill bath 15 sec 
2- spray dump 15 sec 
3- spray-fill 40 sec 
4- end fill 500 sec 
Recipe 2 cascade rinsing: continuous flow 
Rinse till the DI resistivity is > 10 ΩM  
 
 
25 Substrate drying  
(#clean120) 
NL-CLR-WB 
Single wafer dryer 
• speed: 2500 rpm, 60 sec with 30 sec N2 flow 
 
 
26 Inspection by 
optical 
microscope  
(#metro101) 
NL-CLR- Nikon Microscope 
• dedicated microscope for lithography 
inspection 
 
 
Etching of Si, and removing resist 
27 DRIE of Silicon 
C-CRYO-SF6 
(#etch177) 
NL-CLR-Adixen SE 
program: C. CONT500 
Parameter Value 
SF6 [sscm] 100 
02 [sscm] 10-20 
ICP [watt] 500 
CCP 
LF[watt] 
20 
On/off 20/180 
SH [mm] 200 
APC [%] 100 
Temp. [ °] -120 ... 100 
Material etchrate 
Silicon 
[um/min] 
2 up to 4 
Contact Jan 
van 
Nieuwkasteele 
for the recipe. 
ME 318, tel: 
2962  
  
 
 
 
 
Olin oir  
Si02 
(TEOS) 
<10 nm/min 
SiRN  
 
 
28 Surface profile 
measurement 
(#metro105) 
NL-CLR-Veeco Dektak 8 
 
 
29 Stripping of resist 
in oxygen  
plasma (#lith142) 
NL-CLR-Tepla300 
Barrel Etcher (2.45 GHz) 
Ultra clean system only (no metals except Al) 
 See list with recipes in CR 
• O2 flow: 200sccm (50%) 
• Power: up to 1000W 
• Pressure: 1 mbar 
 
 
Bottom side processing 
Development of positive resist mask (adjusted recipe #lith1003) 
30 Vapor prime 
HMDS 
 (#lith103) 
NL-CLR-WB28 
• Furnace: Lab-line Duo-vac-oven 
• Dehydration bake (150°C, low pressure): 5 
min 
• Vapor prime HMDS at 150 °C: 5 min 
• Before coating let cooldown the wafers to 
room temperature 
 
If the wafers 
are not 
processed 
directly clean 
again using 
oxygen 
plasma. 
31 Lithography - 
Coating Olin OiR 
908-35 
(#lith106) 
NL-CLR- WB21 
Coating: Primus coater  
• Olin OiR 908-35 
• Spin Program: 4000 (4000rpm, 30sec) 
 Prebake: Hotplate  
• Time 120s 
• temp 95 °C 
 
 
32 Alignment & 
Exposure Olin 
908-35  
(#lith122) 
NL-CLR- EV620 
• Electronic Vision Group EV620 Mask 
Aligner 
• Hg lamp: 12 mW/cm 2 
• Exposure Time: 9sec 
 
 
33 Development Olin 
OiR resist 
(#lith111) 
NL-CLR-WB21 
After exposure Bake: hotplate 
• time 60sec 
• temp 120°C  
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development: developer: OPD4262 
• time: 30sec in beaker 1 
• time: 15-30sec in beaker 2 
 
34 Quick Dump 
Rinse (QDR) 
(#clean119) 
NL-CLR-Wet benches 
Recipe 1 QDR:  2 cycles of steps 1 till 3,  
1- fill bath 15 sec 
2- spray dump 15 sec 
3- spray-fill 40 sec 
4- end fill 500 sec 
Recipe 2 cascade rinsing: continuous flow 
Rinse till the DI resistivity is > 10 ΩM  
 
 
35 Substrate drying  
(#clean120) 
NL-CLR-WB 
Single wafer dryer 
• speed: 2500 rpm, 60 sec with 30 sec N2 flow 
 
No After 
exposure bake 
required. 
Inspect by 
optical 
microscope 
(metro101).  
36 Dupont MX 5020 
foil for DRIE 
(#lith192) 
NL-CLR- Litho area 
Material: Dupont MX5020 foil  
Application: wafer through etching using 
Adixen SE 
Procedure: appling MX5020 
• Start with the lithography process for etching 
mask 
• Remove plastic protection (has no 
color)  from backside of the foil  
• Apply the foil to the wafer with a roller 
• Avoid  air bubbles, retract the foil if bubbles 
are present 
• Protect the photoresist mask 
with a blue A4 or bare silicon wafer during 
laminating,  
• DO NOT use blue tissue, this will get  stuck 
in the laminator 
• Guide the wafer with foil by hand  through 
the laminator, Temp 90°C, speed 2 
• After laminating, the foil will stick to the A4 
paper.  
• Cut around the wafer (leave 1 cm) to separate 
the A4 paper from the wafer 
• Remove plastic protection foil carefully 
• After removing the plastic protection foil, 
cut-off excess of the blue foil. This should be 
Apply to top 
side 
  
 
 
 
 
done accurately, no foil 
   Residue should be on the topside of the 
wafer, otherwise the wafer can get stuck in the 
Adixen dry etcher. 
• Check if the foil on the outer-edge of the 
wafer is smooth and does not contain 
undesired foil residue.  
   This is important to ensure proper helium-
backside cooling in the Adxien dry etcher. 
• Before DRIE etching remove the plastic 
protection foil! 
 
DRIE Adixen: Temperature range: -100°C up 
to 20 °C. 
Removal of MX5020 
• Start with O2 plasma in Tepla 300E (metals 
are allowed) 
• Continue with HN03 (99%)  
• Optional: a piranha (private use, WB9) only 
when the substrate is metal free! 
 
Etching of SiO2 and Si, and removing resist 
37 DRIE of Silicon - 
B-uniform 
(# ID etch164) 
 
NL-CLR-Adixen SE 
Contact Meint de Boer for flow settings! 
Application: Uniform/high speed silicon 
etching 
Parameters Etch Deposition 
Gas SF6 C4F8 
Flow sccm 400 10?? 
Time sec 13 2 
Priority 2 1 
APC % 15 15 
ICP Watt 2500 2500 
CCP Watt 10 10 
Pulsed (LF) 
ms. 
35on/65off 35on/65 off 
He  mBar 10 10 
SH  mm 110 110 
Electrode 
temp.°C. 
10 10 
Er Olin907 
[nm/min] 
<125   
Er silicon 
[µm/min] 
10-20  
 
 
Adjusted 
recipe, Contact 
Jan van 
Nieuwkasteele 
ME 318, tel: 
2962 Check 
depth with 
Dektak!  
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38 Stripping of resist 
in oxygen  
plasma (#lith142) 
NL-CLR-Tepla300 
Barrel Etcher (2.45 GHz) 
Ultra clean system only (no metals except Al) 
 See list with recipes in CR 
• O2 flow: 200sccm (50%) 
• Power: up to 1000W 
• Pressure: 1 mbar 
 
Stripping of 
resist and foil 
for 1hr. 
39 Stripping resist 
in piranha 
private 
use (#lith195) 
NL-CLR-WB09 
Application: stripping of resist  
Mixture: H2SO4:H2O2 (3:1) vol% 
• add H2O2 slowly! to H2SO4 (exothermic 
process!!) 
• due to mixing the temperature will increase 
to .....130°C 
• adjust the hotplate at 85 °C,   
• temperature: 130°C 
• time: depends in application ( 10- 30min) 
 
 
40 Quick Dump 
Rinse (QDR) 
(#clean119) 
NL-CLR-Wet benches 
Recipe 1 QDR:  2 cycles of steps 1 till 3,  
1- fill bath 15 sec 
2- spray dump 15 sec 
3- spray-fill 40 sec 
4- end fill 500 sec 
Recipe 2 cascade rinsing: continuous flow 
Rinse till the DI resistivity is > 10 ΩM  
 
 
41 Substrate drying  
(#clean120) 
NL-CLR-WB 
Single wafer dryer 
• speed: 2500 rpm, 60 sec with 30 sec N2 flow 
 
 
Prefurnace clean and removing of fluorocarbons and SiO2 (adjusted 
#clean1008) 
42 Clean HNO3-1                            NL-CLR-WB14 
 (#clean102)                                       • beaker 1: HNO3 (99%) 5min 
 
43 Clean HN03-2 
 (#clean138) 
NL-CLR-WB14 
• beaker 2: HNO3 (99%) 5min 
 
 
44 Quick Dump 
Rinse (QDR) 
(#clean119) 
NL-CLR-Wet benches 
Recipe 1 QDR:  2 cycles of steps 1 till 3,  
1- fill bath 15 sec 
2- spray dump 15 sec 
3- spray-fill 40 sec 
4- end fill 500 sec 
 
  
 
 
 
 
Recipe 2 cascade rinsing: continuous flow 
Rinse till the DI resistivity is > 10 ΩM  
 
45 Clean HNO3-3a/b 
(#clean 118) 
NL-CR-WB14 
beaker 3a/b: HNO3 (69%),  
• temp 95°C, 
• time > 10min 
 
 
46 Quick Dump 
Rinse (QDR) 
(#clean119) 
NL-CLR-Wet benches 
Recipe 1 QDR:  2 cycles of steps 1 till 3,  
1- fill bath 15 sec 
2- spray dump 15 sec 
3- spray-fill 40 sec 
4- end fill 500 sec 
Recipe 2 cascade rinsing: continuous flow 
Rinse till the DI resistivity is > 10 ΩM  
 
In case of 
using the 
Semitool for 
rinsing/drying 
a single rinsing 
step (QDR) is 
required. 
47 Substrate drying  
(#clean120) 
NL-CLR-WB 
Single wafer dryer 
• speed: 2500 rpm, 60 sec with 30 sec N2 flow 
 
 
48 Dry Oxidation of 
silicon at 800°C  
(#film126) 
NL-CLR-Furnace B3 
• Standby temperature: 800°C 
• Program: Ox800 
• Temp.: 800°C 
• Gas: O2 
• Flow: 1 l/min 
 
Time 90 min, 
Important: 
purge the 
furnace for 5 
min with 
oxygen and 
then load the 
wafers! 
49 Etching in BHF 
(1:7)  
(#etch124) 
NL-CLR-WB06/12 
Use dedicated beaker BHF (1:7) 
• temp.: 20°C. 
Etchrates:  
Thermal SiO2:60-80nm/min 
PECVD SiO2 :125/nm/min 
TEOS-old SiO2 :180/nm/min 
TEOS H3 (new) :242 nm/min 
Si3N4-H2: 0,64 nm/min 
 
 
50 Quick Dump 
Rinse (QDR) 
(#clean119) 
NL-CLR-Wet benches 
Recipe 1 QDR:  2 cycles of steps 1 till 3,  
1- fill bath 15 sec 
2- spray dump 15 sec 
3- spray-fill 40 sec 
4- end fill 500 sec 
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Recipe 2 cascade rinsing: continuous flow 
Rinse till the DI resistivity is > 10 ΩM  
 
51 Substrate drying  
(#clean120) 
NL-CLR-WB 
Single wafer dryer 
• speed: 2500 rpm, 60 sec with 30 sec N2 flow 
 
 
Bonding 
Cleaning both glass and Si wafers for bonding (adjusted #clean1024) 
52 Clean HNO3 1&2 
(#clean105) 
NL-CLR-WB16 
• Beaker 1: HNO3 (99%) 5min 
• Beaker 2: HNO3 (99%) 5min 
 
with Glass 
Borofloat 
BF33 
53 Quick Dump 
Rinse (QDR) 
(#clean119) 
NL-CLR-Wet benches 
Recipe 1 QDR:  2 cycles of steps 1 till 3,  
1- fill bath 15 sec 
2- spray dump 15 sec 
3- spray-fill 40 sec 
4- end fill 500 sec 
Recipe 2 cascade rinsing: continuous flow 
Rinse till the DI resistivity is > 10 ΩM  
 
 
54 Substrate 
transport in 
DI between WB 
 (#clean141) 
NL-CLR-Wet benches 
Substrate transport in beaker with Demiwater 
• use always waferholder of next step/wet 
bench for transport! 
 
Optional or 
continue with 
clean120 
55 Substrate drying  
(#clean120) 
NL-CLR-WB 
Single wafer dryer 
• speed: 2500 rpm, 60 sec with 30 sec N2 flow 
 
 
56 Manually 
Aligning & 
Prebonding  
(#bond101) 
NL-CLR-WB16 
• Contact wafers manually 
• Apply light pressure with tweezers 
• If necessary use tweezers to press out air-
bubbles 
• Check prebonding by using IR-setup 
 
 
57 EV501 Anodic 
bonding 
 (#bond105) 
NL-CLR-EVG /EV501 bond tool 
• Temperature 400°C 
• Vacuum better then 10-1 mbar 
• High voltage 1000 Volt 
• Pressure 300 N 
• Total process time 2 hours 
• First wafer Silicon 
• Second wafer Pyrex/Borofloat glass 
 
  
 
 
 
 
• Alignment can be done with EV620 
maskaligner 
 
58 UV dicing foil 
(Adwill D-210) 
(#back104) 
Nl-CLR- Dicing foil 
Information: 
Thickness: 125um 
Material: 100um PET + 25um Acrylic 
(adhesive) 
Adhesion before UV:  2000 mN/25mm 
Adhesion after UV:  15 mN/25mm 
UV irradiation: Luminance > 
120mW/cm2 and  Quality > 70mJ/cm2  (wave 
length: 365nm) 
 
To Clean Na 
contamination: 
Apply foil at 
the back side 
of silicon 
wafer to avoid 
water getting 
into the 
channels 
59 Quick Dump 
Rinse (QDR) 
(#clean119) 
NL-CLR-Wet benches 
Recipe 1 QDR:  2 cycles of steps 1 till 3,  
1- fill bath 15 sec 
2- spray dump 15 sec 
3- spray-fill 40 sec 
4- end fill 500 sec 
Recipe 2 cascade rinsing: continuous flow 
Rinse till the DI resistivity is > 10 ΩM  
 
 
60 Substrate drying  
(#clean120) 
NL-CLR-WB 
Single wafer dryer 
• speed: 2500 rpm, 60 sec with 30 sec N2 flow 
 
 
61 Alignment & 
Exposure UV 
dicing foil (Adwill 
D-210) 
(#lith) 
Carre-TST- exposure Tool 
• Time: 300sec 
 
UV flood 
exposure of 
UV curable 
dicing foil 
Adwill D-210 
for 5 minutes 
to strip it from 
the wafer. 
62 UV dicing foil 
(Adwill D-210) 
(#back104) 
Nl-CLR- Dicing foil 
Information: 
Thickness: 125um 
Material: 100um PET + 25um Acrylic 
(adhesive) 
Adhesion before UV:  2000 mN/25mm 
Adhesion after UV:  15 mN/25mm 
UV irradiation: Luminance > 
120mW/cm2 and  Quality > 70mJ/cm2  (wave 
length: 365nm) 
 
Cover both 
sides. 
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63 Dicing of a Silicon 
wafer 
(#back101) 
Nl-CLR- Disco DAD dicing saw 
Applications: 
Silicon wafers, bonded silicon-silicon wafers 
(max 1.1mm) 
See #back103 for laminate of Nitto STW T10 
dicing foil (80 μm) 
See #back104 for laminate of UV dicing foil 
(250μm) 
  
Parameters dicing: 
Wafer work size: 110 mm for a standard 100 
mm silicon wafer  
Max. Feed speed: 10 mm/sec 
X, Y values: correspond respectively to Ch1 
and Ch2 and those values are determined by 
mask layout 
Saw type NBC-Z 2050 
Select in blade menu:  NBC-Z-2050 
 
Blade info: 
Exposure 
 1.3 mm (maximum dicing depth for a new 
blade) 
Width:                  50 um 
Spindle revolutions: 30. 000 rpm 
Depth settings: 
                Maximum cut depth:          1.1 mm 
Foil thickness:                    See foil info 
                Min. blade height: 50 μm 
 
 
64 Exposure of UV 
Curable dicing foil 
Adwill D-210 
Carre-TST- exposure Tool 
• Time: 300sec 
 
UV flood 
exposure of 
UV curable 
dicing foil 
Adwill D-210 
for 5 minutes 
to strip it from 
the wafer. 
 
  
  
 
 
 
 
Dynamique de colmatage par des particules et des bactéries dans des systèmes microfluidique imitant des procédés de microfiltration 
L’objectif de cette thèse est de progresser dans la compréhension du colmatage lors de la filtration de la matière molle (particules colloïdales 
et bactéries) et d’étudier l’efficacité et la faisabilité de séparateurs microfluidiques. Ces recherches sont réalisées avec des puces 
microfluidiques constituées de canaux dont la taille est du même ordre de grandeur que les objets filtrés. Ces puces, conçues pour représenter 
les processus ayant lieu en microfiltration frontale et tangentielles, permettent d’observer in-situ sous microscope les mécanismes de 
colmatage. Le système est instrumenté avec des capteurs de débit et de pression et permet ainsi une analyse croisée entre les observations et 
les variations de perméabilité. Les expériences ont été réalisées pour différentes conditions hydrodynamiques (débit, mode de filtration) et 
conditions d’interactions colloïdales (en changeant la force ionique). Les résultats mettent en évidence l’importance de la dynamique du 
blocage de pore par des agrégats de particules et du réentrainement de ces agrégats lorsqu’ils sont fragilisés par l’écoulement. La dynamique 
de ces évènements provoque des fluctuations de perméabilité. Les interactions particule-particule ou particule-paroi jouent également un rôle 
important sur la dynamique du colmatage. Trois scenarios sont discutés par analogie anthropomorphique : un scenario panique (0.01 mM) 
où les répulsions entre les particules induit un phénomène de poussée entre particules qui engendre la formation d’arches à l’entrée des 
canaux ; un scenario instinct de troupeau (10 mM) où l’attraction entre particules (dans un minimum DLVO secondaire) facilite le transport 
dans le canal et retarde le colmatage ; un scenario sacrificiel (100 mM) où l’efficacité de capture des particules par les parois est élevée mais 
les agrégats formés sont très fragiles et fréquemment réentraînés par l’écoulement. Cette analyse illustre l’importance des phénomènes 
collectifs lors du colmatage par des particules inter-agissantes. Le mécanisme de colmatage par des particules biologiques (bactéries) et 
notamment la création de panaches bactériens en aval des canaux sont ensuite analysés. Ces phénomènes sont étudiés pour différentes 
conditions de culture (ratio carbone-azote dans le substrat) afin d’examiner l’effet de la production de substances polymériques 
extracellulaires (EPS) sur le colmatage. Les résultats montrent que les EPS (et donc les conditions de cultures) jouent un rôle crucial sur le 
développement de panaches bactériens lors d’écoulement dans des constrictions. Il est montré également que la filtration d’un mélange entre 
des bactéries produisant peu d’EPS et des bactéries produisant d’EPS favorise la formation des panaches bactériens. Des filtrations de 
mélange de bactéries et de particules montrent que la présence de bactérie modifie la dynamique du blocage des canaux ; de façon surprenante 
l’ajout de bactérie permet de retarder le colmatage et de former des dépôts de particules plus fragiles. Des systèmes microfluidiques avec un 
design spécifique ont également été développés pour réaliser un fractionnement par taille de dispersions sous un écoulement tangentiel. Des 
résultats préliminaires ont permis d’optimiser leur fonctionnement en trouvant des conditions permettant de filtrer en évitant le blocage des 
canaux ; leur utilisation pour réaliser des fractionnements continus dans des puces microfluidiques peut être envisagée. 
Clogging dynamics of particles and bacteria in microfluidic systems mimicking microfiltration processes 
The aim of the PhD is to progress in the understanding of the fouling phenomena during filtration of soft matter (colloidal particles and 
bacteria) and to examine the efficiency and feasibility of microfluidic separators. These studies are realized with microfluidic devices 
constituted of micrometric channels having the same size range as the materials being filtered. These devices, which mimic membrane dead-
end and cross-flow microfiltration processes, allow in-situ and direct microscopic observations of the fouling mechanisms. The microfluidic 
system is equipped with flow rate and pressure measurement devices allowing a dynamic cross analysis of the observations with the variations 
of permeability. Experiments have been realized for different hydrodynamic conditions (flow rate, filtration mode) and for different colloidal 
interactions (by varying the ionic strength) in order to analyse their interplay in the clogging mechanism by soft matter (interacting particles). 
The results evidenced the importance of clogs formation, fragility and sweeping out dynamics during the fouling process. These dynamic 
events at bottlenecks induce important permeability fluctuations. The particle-particle and particle-wall interactions also play important roles 
on the clogging dynamics. Three different scenarios are discussed by analogy to crowd swarming: panic scenario (0.01 mM) where repulsion 
between particles induce pushing effects leading to the creation of robust arches at pore entrances; herding instinct scenario (10 mM) where 
the attraction (in secondary minima) between particles enhances the transport in pores and delays clogging; sacrifice scenario (100 mM) 
where the capture efficiency is high but the aggregates formed at the wall are fragile. These analyses illustrate the importance of collective 
behaviour exhibited by interacting particles during fouling. The fouling phenomena by biological particles (bacteria) are analysed in terms 
of the streamer formation conditions and mechanisms. The streamer formation phenomena are in turn analysed by playing with the cultivation 
conditions (the carbon to nitrogen ratio in the substrate) in order to study the effect of extracellular polymeric substances (EPS) on the process. 
The results show that EPS (and hence the bacterial cultivation conditions) play crucial role in streamer formation by microorganisms under 
flow in constrictions. Furthermore, the presence of non-EPS producing bacterial species along with EPS producing species in a mixed culture 
enhances the streamer formation. On the other hand, filtration of mixed particles and bacteria suspensions show that the presence of bacteria 
substantially modifies the clogging dynamics. Microfluidic devices with specific configurations have also been developed for fractionation 
in order to maximize performances of these processes. The preliminary results with these chips in cross-flow conditions show that it is 
possible to limit the clogging impact by working below a critical flux; their use for continuous microparticles fractionation could be then 
considered. 
